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A pre l iminary  comparative a n a l y s i s  o f  t h e  s u i t a b i l i t y  
of var ious  p o s s i b l e  v e h i c l e  concepts t o  form t h e  b a s i s  f o r  a 
new space t r a n s p o r t a t i o n  system i s  repor t ed  he re in .  The con- 
f i g u r a t i o n  a l t e r n a t i v e s  are both one and t w o  s t a g e  r eusab le  
launch v e h i c l e s  ; some w i t h  reusable  non-propulsive orbiters.  
Both b a l l i s t i c  and l i f t i n g  body s t a g e  c o n f i g u r a t i o n s  are con- 
s i de red . 

Four types  of m i s s i o n s  w e r e  used as the  t r a n s p o r t a t i o n  
system design m i s s i o n s  - a NASA space  s t a t i o n  l o g i s t i c s  miss ion ,  
a NASA cargo mission,  a USAF hi-energy mission and a USAF re- 
connaissance mission. The gene ra l  o b j e c t i v e s  are t o  e i t h e r  
minimize t h e  g ross  weight  of the system or t o  m i n i m i z e  t h e  number 
of expendable s t a g e s  i n  t h e  system. Within t h e s e  o b j e c t i v e s  
the concepts  are compared on the b a s i s  of  s i z e ,  performance 
s e n s i t i v i t y ,  number of  developments, number of  expendable s t a g e s ,  
o p e r a t i o n a l  modes, s u i t a b i l i t y  f o r  phased development, and 
growth p o t e n t i a l .  

The number of p o s s i b l e  s h u t t l e  concepts w a s  reduced by 
e l i m i n a t i n g  those t h a t  r equ i r ed  expendable elements o r  more than 
t w o  new developments. The remaining concepts  i nc lude  the t w o  
s t a g e  l i f t i n g  concept ,  a single-stage-to-orbit  b a l l i s t i c  booster 
w i t h  a s e p a r a t e  non-propulsive l i f t i n g  body crew v e h i c l e ,  a t w o  
s t a g e  b a l l i s t i c  b o o s t e r  w i t h  a s e p a r a t e  non-propulsive l i f t i n g  
body o r b i t e r ,  and a t w o  s t a g e  i n t e g r a l  b a l l i s t i c  veh ic l e .  

The r a t i o n a l e  behind t h e  concept  s e l e c t i o n s  and t h e  
ground r u l e s  and assumptions,  e s s e n t i a l  i n  a r r i v i n g  a t  these 
r e s u l t s ,  are d i scussed  he re in .  The d e t a i l s  of a l l  t h e  suppor t ing  
work are inc luded  i n  a se r ies  of appendices.  
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subject: Space Transpor t a t ion  Sys t e m  Analysis 
Case 105-4 

TECHNICAL MEMORANDUM 

1 . 0  INTRODUCTION 

The NASA Space S h u t t l e  Summary Report ,  Reference 1, 
s ta tes  t h e  d r i v i n g  i s s u e  f o r  development of a s h u t t l e :  "TO 
s u p p o r t  f u t u r e  space ope ra t ions  t h e r e  i s  a c r i t i c a l  need t o  
reduce g r e a t l y  t h e  annual cost of r o u t i n e  round- t r ip  space 
t r a n s p o r t a t i o n  o p e r a t i o n s ,  while g r e a t l y  i n c r e a s i n g  t h e  number 
of space  f l i g h t s . "  A t r a n s p o r t a t i o n  system i s  c l e a r l y  needed 
t o  s u p p o r t  the complete spectrum of  missions a s s o c i a t e d  w i t h  
f u t u r e  space programs. 

T h i s  s tudy  cons ide r s  va r ious  c o n f i g u r a t i o n  concepts 
for t h e  s h u t t l e  i nc lud ing  the  u s e  of r eusab le  b a l l i s t i c  
s t a g e s  as w e l l  as l i f t i n g  bodies and e v a l u a t e s  reasonable  
cand ida te  conf igu ra t ions  as a base f o r  a t r a n s p o r t a t i o n  
system. These concepts  are then f i t t e d  i n t o  t r a n s p o r t a t i o n  
systems which minimize e i t h e r  gross weight  or t h e  number of 
expendable s t a g e s .  Within these o b j e c t i v e s  t h e  concepts  are 
compared on the b a s i s  of s i z e ,  performance s e n s i t i v i t y ,  number 
of  developments, number of expendable s t a g e s ,  o p e r a t i o n a l  
modes, s u i t a b i l i t y  f o r  phased development, and growth p o t e n t i a l .  

1.1 Backuround 

The i n i t i a l  con f igu ra t ion  se lec t ion  and sc reen ing  
process  i s  desc r ibed  in d e t a i l  i n  Reference 2. S t a r t i n g  w i t h  
a s e t  of  conf igu ra t ion  v a r i a b l e s  based on f u t u r e  t r a n s p o r t a t i o n  
requi rements ,  a ma t r ix  of a l t e r n a t i v e  concepts  w a s  der ived .  

There were t h r e e  b a s i c  c o n f i g u r a t i o n  i s s u e s :  1) the 
number o f  s t a g e s ,  2 )  t h e  shape of i n d i v i d u a l  s t a g e s ,  and 3)  the 
p r o p u l s i v e  c a p a b i l i t y  of t h e  o r b i t e r .  The number of  stages w a s  
cons idered  t o  range from 1 t o  3. T h i s  range inc ludes  s i n g l e -  
s t a g e - t o - o r b i t  (SSTO) concepts and rejects systems of more 
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than  3 s t a g e s  on t h e  grounds t h a t  they  would be expensive t o  
develop and ope ra t e .  The l i m i t  of t h r e e  s t a g e s  seemed reason- 
a b l e  and i s  s u b j e c t i v e .  

The shape of  t h e  i n d i v i d u a l  s t a g e s  f e l l  i n t o  t w o  
g e n e r i c  c a t e g o r i e s  - l i f t i n g  bodies  and b a l l i s t i c  bodies .  The 
main d i f f e r e n c e s  between t h e s e  c a t e g o r i e s  w e r e  i n  t h e i r  aero- 
dynamic c h a r a c t e r i s  t i cs ,  p r o p e l l a n t  mass f r a c t i o n s  and l and ing  
modes. These d i f f e r e n c e s  w i l l  be d i s c u s s e d  i n  more d e t a i l  
l a t e r .  For sc reen ing  purposes it w a s  assumed t h a t  l i f t i n g  
bodies  w e r e  good f l y i n g  machines capable  of  d e l i v e r i n g  l a r g e  
amounts of c ross range  or  fly-back range e i t h e r  through hyper- 
s o n i c  g l i d e  o r  subsonic  powered c r u i s e .  Because of t h e i r  
shapes and l i f t i n g  s u r f a c e s ,  however, t h e  p r o p e l l a n t  mass 
f r a c t i o n s  would be l o w ,  making them i n e f f i c i e n t  p ropu l s ive  
machines. 

B a l l i s t i c  v e h i c l e s  were assumed t o  be j u s t  t h e  oppos i t e :  
e f f i c i e n t  propuls ive  v e h i c l e s  b u t  poor f l y i n g  machines. A s  a 
consequence b a l l i s  t i c  v e h i c l e s  m u s t  use propuls ion  t o  achieve  
c ross range  where it i s  requi red .  

The f i n a l  p r i n c i p l e  i s s u e  w a s  t h e  d i s t i n c t i o n  between 
a s e p a r a t e  o r  an i n t e g r a t e d  o r b i t e r .  An i n t e g r a t e d  o r b i t e r  
p a r t i c i p a t e s  i n  t h e  boos t  p ropu l s ion ,  and a s  a r e s u l t  must be 
c a r e f u l l y  i n t e g r a t e d  wi th  the  boos te r .  A s e p a r a t e  o r b i t e r  pro- 
v ides  only on -o rb i t  and d e o r b i t  p ropuls ion .  I t  appea r s ,  t o  t h e  
b o o s t e r ,  simply as payload, and i s  t h e r e f o r e  r e l a t i v e l y  inde- 
pendent of t h e  boos te r .  

These a l t e r n a t i v e s ,  or  c o n f i g u r a t i o n  v a r i a b l e s ,  l e d  
t o  a ma t r ix  of 60  conf igu ra t ion  concepts .  Not a l l  of t h e  con- 
c e p t s  w e r e  r ea sonab le ,  however. Some w e r e  t e c h n o l o g i c a l l y  
u n f e a s i b l e  - such as a s ing le - s t age - to -o rb i t  l i f t i n g  body. 
Others  seemed economically u n a t t r a c t i v e ,  such as an expendable 
SSTO system. A f t e r  a pre l iminary  sc reen ing  t o  some q u a l i t a t i v e  
f e a s i b i l i t y  c r i t e r i a ,  37 concepts remained. These are shown 
i n  F igu re  1.1. 

A s  an example, t h e  Phase B c o n f i g u r a t i o n  concepts  
f o r  t h e  s h u t t l e  f a l l  under t h e  concept marked ''1". 
Stage  t o  E a r t h  O r b i t  Reusable Vehicle  (SERV) , corresponds t o  
the concept marked " 2 "  . The e a r l y  S t a r  C l ippe r  concept  cor- 
responds t o  t h e  concept " 3 " ,  and the Manned Upper Reusable 
Payload (MURP) , w i t h  expendable launch v e h i c l e s  matches con- 
c e p t  " 4 I' . 

The Single-  
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Two t h i n g s  must be  k e p t  i n  mind w h i l e  looking  a t  
these concepts  : 

1. They are - n o t  conf igu ra t ions ,  b u t  r a t h e r  concepts  
t h a t  r e p r e s e n t  a class of conf igu ra t ions .  

2.  They r e p r e s e n t  only p a r t  of  a t r a n s p o r t a t i o n  system. 
I n  m o s t  cases several d i f f e r e n t  t r a n s p o r t a t i o n  
systems are compatible w i t h  each p a r t i c u l a r  concept  
f o r  t h e  l o g i s t i c s  missions.  The d e r i v a t i o n  o f  t h e  
t r a n s p o r t a t i o n  systems from t h e s e  l o g i s t i c s  concepts  
w i l l  be d i scussed  later. 

A second sc reen ing  s t e p  w a s  necessary  t o  g e t  an 
i n i t i a l ,  group o f  s h u t t l e  conf igu ra t ions  sma l l  enough f o r  
f u r t h e r  a n a l y s i s .  T h i s  w a s  done by applying some p r e s e n t  s h u t t l e  
program requirements .  Only those l o g i s t i c s  concepts  w i t h  no 
expendable e lements  and no more than t w o  new developments were 
considered.  This reduced t h e  number o f  cand ida te s  meeting t h e  
s h u t t l e  program requirements  f o r  t h e  c r e w / l o g i s t i c s  mission t o  
e leven .  Admittedly t h e  screening  process  w a s  subjective; how- 
e v e r  care w a s  taken t o  select screening  c r i t e r i a  t h a t  would n o t  
s i g n i f i c a n t l y  bias  the a n a l y t i c a l  r e s u l t s .  I n  a d d i t i o n ,  t h e  
subsequent  d e r i v a t i o n  of t r a n s p o r t a t i o n  systems s a w  many con- 
c e p t s ,  r e j e c t e d  i n  t h i s  second screening ,  reappear ing  as o t h e r  
e lements  of the t r a n s p o r t a t i o n  s y s t e m .  

1 . 2  Candidate Configurat ions Review 

The e leven  s u r v i v i n g  candida te  s h u t t l e  concepts  are 
shown i n  F igure  1 . 2 .  B r i e f l y ,  they c o n s i s t  o f  f u l l y  recover- 
a b l e  systems wi th  one and two s t a g e  launch v e h i c l e s .  Both 
s e p a r a t e  and i n t e g r a l  c r e w  systems are eva lua ted .  The c u r r e n t  
s h u t t l e  concept ,  con f igu ra t ion  4 ,  i s  a t w o  s t a g e  l i f t i n g  body 
launch vehicle w i t h  i n t e g r a t e d  crew and cargo systems. I f  t h e  
l i f t i n g  body b o o s t e r  ( f i r s t  s tage)  is  rep laced  by a b a l l i s t i c  
booster,  conf igu ra t ion  2 r e s u l t s .  I f  the l i f t i n g  body o r b i t e r  
(second stage) i s  rep laced  by a b a l l i s t i c  o r b i t e r ,  the r e s u l t  
i s  c o n f i g u r a t i o n  7. Concept 3 is t h e  case where both  s t a g e s  
are b a l l i s  t ic .  

If s e p a r a t e  c r e w  veh ic l e s  are used,  and m u l t i p l e  
s t a g i n g  i s  r e t a i n e d ,  conf igu ra t ions  8 through 11 r e s u l t .  
Abiding by t h e  ground r u l e  of only t w o  new developments, t h e  
t w o  launch v e h i c l e  s t a g e s  w e r e  assumed n e a r l y  i d e n t i c a l ,  and 
can be  approximately considered a s  only one new development. 
Hence, concepts  8 and 9 are two equa l  b a l l i s t i c  b o o s t e r  s t a g e s  
wi th  s e p a r a t e  b a l l i s t i c  and l i f t i n g  body c r e w  vehicles,  respec- 
t i v e l y .  I f  t h e  b a l l i s t i c  boos t e r  s t a g e s  a r e  r ep laced  by 
l i f t i n g  body s t a g e s ,  concepts 1 0  and 11 r e s u l t .  
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The remaining concepts  are b a l l i s t i c  s ing le - s t age -  
t o - o r b i t  v e h i c l e s .  Concept 1 has t h e  payload and crew systems 
i n t e g r a t e d  i n t o  the s t a g e ,  whi le  concept  5 has  a s e p a r a t e  
l i f t i n g  body c r e w  v e h i c l e  and concept 6 a s e p a r a t e  b a l l i s t i c  
c r e w  v e h i c l e .  

2 .0  GROUND RULES AND ASSUMPTIONS 

There are a number of d e s i r a b l e  characterist ics of 
t h e  space  s h u t t l e ,  and they a r e  d e l i n e a t e d  i n  Reference 1. 
Low o p e r a t i n g  c o s t s  are c e r t a i n l y  one c r i t i ca l  c h a r a c t e r i s t i c .  
E x p l i c i t  cons ide ra t ion  of  o p e r a t i n g  costs f o r  t h e  va r ious  
s h u t t l e  concepts  i s  beyond t h e  scope of t h i s  r e p o r t .  

f o r  a space  t r a n s p o r t a t i o n  sys tem.  
more s p e c i f i c a l l y  t h a t  of  phased development program approach - 
i s  a d e s i r e d  c h a r a c t e r i s t i c  of a space  s h u t t l e .  
which d i d  n o t  permi t  phased development were n o t  cons idered  
prime s h u t t l e  candida tes .  Some s ing le - s t age - to -o rb i t  (SSTO) 
v e h i c l e s  which were n o t  amenable t o  phased development were 
s t i l l  inc luded  due t o  t h e  i n h e r e n t  s i m p l i c i t y  of t h e  concept. 

s i t y  i n  a space t r a n s p o r t a t i o n  s y s t e m .  
a l l  t h e  o p e r a t i o n a l  requirements  i n  terms of payload f l e x i -  
b i l i t y ,  f l i g h t  system and ground s u p p o r t ,  and turn-around 
o p e r a t i o n s .  I t  must be able t o  f l y  a l t e r n a t e  miss ions  wi th  
multi-agency space  a p p l i c a t i o n s .  Both NASA and A i r  Force 
miss ions  are t h e r e f o r e  considered i n  t h i s  s tudy .  

. T h i s  r e p o r t  addresses o t h e r  c r i t i c a l  characteristics 
The system development - 

Those systems 

Opera t iona l  performance and v e r s a t i l i t y  are a neces- 
The system must m e e t  

2 . 1  Missions 

T h e  des ign  missions the  t r a n s p o r t a t i o n  systems must 
s u p p o r t  are shown i n  Figure 2 . 1 .  T h i s  s tudy  w a s  conducted con- 
s i d e r i n g  NASA only and subsequent ly  NASA and USAE' m i s s i o n s .  

2 .1 .1  NASA Missions 

Wnen cons ide r ing  NASA missions on ly ,  t h e  va r ious  
s h u t t l e  c o n f i g u r a t i o n s  are designed t o  perform t h e  c r e w /  
l o g i s t i c s  mission and a cargo mission. The round t r i p  
log is t ics  payload i s  2 5 , 0 0 0  pounds t o  a 270 n a u t i c a l  m i l e  
55' i n c l i n a t i o n  o r b i t .  
of l o g i s t i c  suppor t  of a space s t a t i o n ,  o r  s o r t i e  mode 
o p e r a t i o n  f o r  s c i e n t i f i c  and a p p l i c a t i o n s  payloads.  

This  mission class i s  r e p r e s e n t a t i v e  
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The cargo  mission n e c e s s i t a t e s  1 5 0 , 0 0 0  pounds of up 
on ly  payload. This i s  p laced  i n  a 270 n.mi. o r b i t  b u t  a t  a 
28.5' i n c l i n a t i o n  f o r  maximum payload d e l i v e r y  from ETR. 

The c r e w / l o g i s t i c s  c l a s s  of miss ions  i s  t y p i c a l l y  
used i n  suppor t  of s c i e n c e  and a p p l i c a t i o n s  which r e q u i r e  
r e l a t i v e l y  s m a l l  h igh  cost  payloads.  The d e s i r e  f o r  t h e s e  
miss ions  i s  t h e  smallest poss ib l e  cost p e r  f l i g h t .  Thus, 
when developing t r a n s p o r t a t i o n  s y s  t e m s  , no expendable hardware 
w a s  cons idered  f o r  t h a t  mission.  The NASA cargo  miss ion ,  how- 
ever, d e l i v e r s  l a r g e  hulk payloads t o  o r b i t  u s u a l l y  i n  e a s t e r l y  
type  launches i n  which populated areas are n o t  overflown. The 
cost p e r  pound of payload i s  very impor t an t  i n  t h i s  i n s t a n c e .  
Therefore ,  expendable hardware was used when d e s i r a b l e  f o r  t h i s  
mission,  

2 .1 .2  A i r  Force Missions 

Two USAF miss ions  were a l so  cons idered ,  w i th  both  t o  
a 1 0 0  n.mi. o r b i t ,  one be ing  po la r  and t h e  o t h e r  a due eas t  
launch from KSC. The p o l a r  o r b i t  mi s s ion ,  p r i m a r i l y  for  t h e  
purpose of reconnaissance ,  r equ i r e s  about  1 0 , 0 0 0  pounds of 
round t r i p  payload and up t o  1,500 n.mi:crossrange from t h e  
de -o rb i t i ng  s p a c e c r a f t .  The due east  launch w i l l  d e l i v e r  an 
o r b i t - t o - o r b i t  s h u t t l e  (00s)  and i t s  payload t o  l o w  e a r t h  o r b i t ,  
and r e t u r n  the expended 00s propuls ion s t a g e  t o  Ea r th  a f t e r  i t  
is used. Thus, around 85,000 pounds of up payload i s  d e s i r e d ,  
w i th  about  10,000 pounds of down payload. 

Polar  o r b i t  i s  assumed f o r  USAF reconnaissance mission.  
T h e  miss ion  is somewhat ill def ined  and all azimuth launch capa- 
b i l i t y  could be r equ i r ed .  This alone prec ludes  t h e  use of  
expendable hardware on t h i s  mission due t o  t h e  p o s s i b l e  impact 
of expendables on i n h a b i t e d  areas .  The USAF high energy mission 
i s  r e q u i r e d  t o  p l a c e  s m a l l  s a t e l l i t e s  i n t o  synchronous o r b i t s .  
The payload f o r  t h e  s h u t t l e  would be the s a t e l l i t e  and an 
o r b i t - t o - o r b i t  s h u t t l e  o r  i n j e c t i o n  s t a g e .  The 00s would then  
be r e t u r n e d  t o  earth w i t h i n  the s h u t t l e .  The launch w i l l  prob- 
ab ly  be due east  from ETR, and t h e r e f o r e  expendable hardware 
could  be used f o r  t h i s  mission.  Thus, when t r a n s p o r t a t i o n  
systems are developed f o r  NASA/USAF mis s ions ,  the basic s h u t t l e  
s i z e  w i l l  be determined by e i t h e r  t h e  NASA c r e w / l o g i s t i c s  
mission o r  t h e  USA?? crossrange  mission. The remaining missions 
might g e t  t h e  necessary  performance i n c r e a s e  us ing  expendable 
hardware. 

2 . 2  Ascent Veloc i ty  Requirements 

The a s c e n t  A V ' s  i nd ica t ed  f o r  each m i s s i o n  on F igure  2 . 1  
were determined by computer t r a j e c t o r y  s imula t ion  us ing  a l i f t -  
off  t h r u s t  t o  weight  of 1.25. The boost d rag  c h a r a c t e r i s t i c s  



- 6 -  

w e r e  e s t ima ted  f o r  a SSTO veh ic l e  wi th  a r e l a t i v e l y  good aero- 
dynamic shape f o r  a scen t .  The t o t a l  a s c e n t  AV w a s  2 9 , 9 6 0  f p s  
i n c l u d i n g  d r a g  losses of 900  fps.  The on -o rb i t  and d e - o r b i t  
AV's were de r ived  from p r i o r  and c u r r e n t  NASA and USAF s h u t t l e  
s t u d i e s .  

Proper ly  the a s c e n t  v e l o c i t y  requirement  must be a 
f u n c t i o n  of each class o f  vehic le .  For example, a t w o  stage 
l i f t i n g  body v e h i c l e  i s  cons t r a ined  by t h e  need t o  r e t u r n  the 
f i r s t  s t a g e  t o  t h e  launch s i t e  v i a  unpowered f l i g h t .  These 
requirements  w i l l  n a t u r a l l y  l ead  t o  an a s c e n t  v e l o c i t y  t h a t  i s  
d i f f e r e n t  from t h a t  shown. Piggy-back mounting of  stages w i l l  
i n c r e a s e  t h e  a s c e n t  drag.  S i m i l a r l y  a t w o  s t a g e  b a l l i s t i c  
v e h i c l e  t r a j e c t o r y  w i l l  be cons t r ined  by t h e  l o b  re t ro  maneuver 
used to r e t u r n  t h e  f i r s t  s t a g e  t o  t h e  launch s i te ,  l e a d i n g  t o  
a d i f f e r e n t  v e l o c i t y  requirement than t h a t  shown. SSTO v e h i c l e s ,  
such as SERV, e x h i b i t  r a t h e r  high a s c e n t  losses due t o  t h e  b l u n t ,  
h igh  d rag  shape which is necessary t o  minimize r e e n t r y  h e a t i n g  
because o f  the l o w  l i f t  c o e f f i c i e n t .  A non-propulsive l i f t i n g  
o r b i t e r  o r  a long  e x t e r n a l  payload l e a d s  t o  a b e t t e r  f i n e n e s s  
r a t i o ,  t hus  somewhat reducing t h e  a s c e n t  drag. 

S ince  t h i s  i s  a pre l iminary  a n a l y s i s  the expedient  
course  appeared t o  be one o f  assuming t h e  same a s c e n t  v e l o c i t i e s  
f o r  a l l  c o n f i g u r a t i o n s  and subsequent ly  t e s t i n g  the  s e n s i t i v i t y  
o f  the f i n a l  recommendations t o  v a r i a t i o n s  i n  a s c e n t  v e l o c i t y .  
This f i n a l  s t e p  is p resen ted  w i t h  t h e  conclus ions .  

2.3 Conf igura t ion  Ground Rules 

B a l l i s t i c  v e h i c l e s  r e q u i r e  hover  t i m e  f o r  ve r t i ca l  
landing .  About 20 seconds w a s  considered s u f f i c i e n t ,  and the re -  
f o r e ,  1 , 0 0 0  fps  AV f o r  removal of t h e  t e rmina l  v e l o c i t y  and f o r  
hover ing  w a s  assumed. T h i s  assumption is  con t ingen t  on t h e  use 
of a ground beacon a t  t h e  landing s i t e  which provides  a coopera t ive  
n a v i g a t i o n  and guidance system. Without such a beacon landing  
errors would probably be on the  o r d e r  of t w o  n a u t i c a l  m i l e s  o r  
less as exper ienced  i n  Apollo landings.  Also, if b a l l i s t i c  
vehicles are requ i r ed  t o  provide 1 , 5 0 0  n.mi. c ross range  from 
o r b i t ,  it must be accomplished p ropu l s ive ly .  Analysis  shows 
t h i s  maneuver t o  r e q u i r e  about  1 0 , 3 6 0  f p s  AV, cons ide r ing  t h a t  
b a l l i s t i c  vehicles can o b t a i n  about 1 0 0  n.mi. c ross range  aero- 
dynamically w i t h  an L / D  of .2. 

Payload packaging i s  a r a t h e r  unique problem w i t h  
t h e  s h u t t l e .  When round t r i p  payloads are r e q u i r e d ,  they 
must be  conta ined  w i t h i n  t h e  veh ic l e .  Thus, s i g n i f i c a n t  weight  
p e n a l t i e s  are i n c u r r e d  f o r  providing a l a r g e  i n t e r n a l  volume 
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as w e l l  as f o r  s t r u c t u r e  necessary t o  p r o t e c t ,  suppor t  and 
remove t h e  payload from i t s  compartment. An i n e r t  weight  
p e n a l t y  e q u a l  t o  one-half of t h e  recovered payload weight  w a s  
added. For  up only cargo  missions where t h e  payload can be 
mounted e x t e r n a l  t o  t h e  launch v e h i c l e ,  t h e  weight  of  t h e  
shroud necessary  t o  p r o t e c t  t h e  payload du r ing  a s c e n t  i s  esti-  
mated a t  t e n  p e r c e n t  of  t h e  payload weight.  The weight  o f  t h e  
c r e w  and crew systems i n c l u d i n g  environmental  c o n t r o l  and l i f e  
suppor t  is  e s t ima ted  a t  5 , 0 0 0  pounds independent o f  v e h i c l e  
s i z e .  This allowance w a s  assumed adequate f o r  a crew of 2. 
Support  f o r  a d d i t i o n a l  men must come from t h e  payload. A weight  
of  81,000 pounds ( inc lud ing  payload) w a s  assumed f o r  a s e p a r a t e  
h igh  L/D c r e w  v e h i c l e ,  and 58 ,000  pounds f o r  a s e p a r a t e  b a l l i s t i c  
c r e w  veh ic l e .  

A number of  o t h e r  conf igu ra t ions  con ta in  d e v i a t i o n s  
due t o  vary ing  t h r u s t  requirements o r  i n t e r s t a g e  s t r u c t u r e .  
Again the course e l e c t e d  was t o  ignore  t h i s  complexity u n t i l  
t h e  f i n a l  s t e p ,  and t o  then  test t h e  s e n s i t i v i t y  of t h e  recom- 
mendations t o  v a r i a t i o n s  i n  mass f r a c t i o n .  

2 . 4  Transpor t a t ion  System C o n s t r a i n t s  

There are a number of  c o n s t r a i n t s  imposed on t h e  
space t r a n s p o r t a t i o n  systems i n  an e f f o r t  t o  p u t  a reasonable  
bound on t h e  s i z i n g  problem and t o  p u t  r e a l i t y  i n t o  t h e  a n a l y s i s .  
One such c o n s t r a i n t  i s  t o  l i m i t  t h e  t o t a l  g r o s s  l i f t o f f  weight  
of  any of the t r a n s p o r t a t i o n  systems t o  t h a t  of t h e  Sa tu rn  V. 
Pr ior  s t u d i e s  of t h e  s h u t t l e  have i n d i c a t e d  t h a t  s i z e s  on t h e  
o r d e r  of one h a l f  t h e  Sa turn  V can b e  expected us ing  t w o  l i f t i n g  
body s t a g e s .  S ince  cost w i l l  be t h e  primary d r i v e r  of f u t u r e  
programs, t o t a l  weight  may n o t  be t h e  key parameter ,  b u t  t h e  
Sa tu rn  V weight  w a s  f e l t  t o  be a reasonable  upper l i m i t .  

Another c o n s t r a i n t  i s  t o  l i m i t  t h e  number of b o o s t e r  
s t a g e s  t o  t w o .  
b o o s t e r  and high s t a g e  mass f r a c t i o n s ,  t h e  a d d i t i o n  of a t h i r d  
s t a g e  w i l l  n o t  g ive  l a r g e  performance ga ins .  A l s o ,  s i n c e  a l l  
t h e  s t a g e s  are t o  be recovered and r e f u r b i s h e d  f o r  r e u s e ,  as 
f e w  stages as p o s s i b l e  are des i r ed .  I n  des igning  an evo lu t iona ry  
system, however, more than t w o  s t a g e s  w a s  accep tab le  i n  t h e  
i n t e r i m  u n t i l  t h e  s h u t t l e  i s  f u l l y  o p e r a t i o n a l .  

With t h e  use of  advanced H i P C  engines  i n  t h e  

2 . 5  S tage  Mass F r a c t i o n s  

I n  ana lyz ing  the var ious  s h u t t l e  c o n f i g u r a t i o n s ,  it 
w a s  i m p r a c t i c a l  t o  l a y o u t  d e t a i l e d  des igns  and a c t u a l l y  "weigh" 
a l l  t h e  systems considered.  Numerous c o n t r a c t o r  s t u d i e s  have 



- 8 -  

done t h i s  f o r  va r ious  s i z e  s t ages .  The a v a i l a b l e  d a t a  were 
used t o  d e f i n e  curves  of s t a g e  weight ve r sus  mass f r a c t i o n .  
These curves are shown i n  F igures  2 . 2  and 2 . 3  w i t h  the v a r i o u s  
d a t a  p o i n t s  that  were used. The l i f t i n g  body d a t a  are based 
on numerous NASA and USAF funded s t u d i e s  wh i l e  t h e  b a l l i s t i c  
d a t a  are de r ived  f r o m  a f e w  SSTO v e h i c l e  s t u d i e s .  A d e t a i l e d  
d i s c u s s i o n  of t h e  mass f r a c t i o n  curve g e n e r a t i o n  and use i s  
conta ined  i n  Reference 3 .  This  r e fe rence  a l so  d i s c u s s e s  the 
computer program w r i t t e n  t o  perform t h e  c a l c u l a t i o n s  f o r  t h i s  
s tudy .  The form of  t h e  equat ions  r e l a t i n g  m a s s  f r a c t i o n  t o  

, w a s  d e r i v e d  on t h e  assumption T 

g 
p-i- gross  weight ,  A = S - 

g 

t h a t  the i n e r t  weight  of  a vehicle could  be desc r ibed  by an 
2/3  + TW 

g 
equa t ion  of t h e  f o r m  WI = U + S W 

o g  

U r e p r e s e n t s  those  w e i g h t s  t h a t  are f i x e d  and inde- 
pendent o f  v e h i c l e  s i z e ,  such as av ion ic s  and c r e w  suppor t  
systems. S and So r e p r e s e n t  those systems tha t  are d i r e c t l y  
dependent on g ross  weight  such as engines  and tankage. T re- 
p r e s e n t s  t hose  systems t h a t  are dependent on v e h i c l e  s u r f a c e  
area, such as i n s u l a t i o n  and i n t e r s t a g e  s t r u c t u r e .  Many sys-  
t e m s  obviously d o n ' t  f i t  any of  t h e s e  c a t e g o r i e s ,  however, i t  
w a s  f e l t  t h a t  these t h r e e  groupings would accommodate t h e  
ma jo r i ty  o f  t h e  heavy systems. 

The mass f r a c t i o n  curves are adequate f o r  system com- 
p a r i s o n s ,  which i s  t h e  main i n t e n t  o f  t h i s  s tudy .  
i n d i c a t e  s u b s t a n t i a l l y  h i g h e r  mass f r a c t i o n s  f o r  b a l l i s t i c  
s t a g e s  as compared w i t h  l i f t i n g  body s t a g e s ,  an advantage which 
i s  t h e  key t o  t h e  r e s u l t s  which follow. One can r e a d i l y  see 
from the p l o t s  t h a t  there i s  s u b s t a n t i a l l y  less pre l iminary  
des ign  data t o  suppor t  t h e  ba l l i s t i c  v e h i c l e  c o r r e l a t i o n  of  
A vs. g ross  weight  than there i s  f o r  t h e  l i f t i n g  body. The 
s e n s i t i v i t y  of t h e  recommendations w i l l  be  t e s t e d  a g a i n s t  
v a r i a t i o n s  i n  m a s s  f r a c t i o n  from the c o r r e l a t i o n  used. 

These d a t a  

The e f f e c t  of crossrange of l i f t i n g  body des igns  has  
been somewhat d e l i n e a t e d  i n  t h e  pre l iminary  r e s u l t s  of t h e  
c u r r e n t  Phase B s t u d i e s .  These r e s u l t s  i n d i c a t e  about a . 0 2  
pena l ty  i n  mass f r a c t i o n  (S i s  reduced by 0 . 0 2 )  f o r  high cross- 
range orbiters. The weight  penal ty  is  mainly i n  t h e  thermal  
p r o t e c t i o n  system and some of  these  e f f e c t s  are shown i n  
F igure  2 . 4 ,  taken from Reference 4. 
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2 . 6  Propuls ion  

N e w ,  h igh  performance rocket engines  w i l l  be used on 
t h e  s h u t t l e .  The  performance assumed f o r  t h e s e  engines  i n  t h i s  
s tudy  w a s  t h e  s p e c i f i c a t i o n  c a l l e d  f o r  i n  t h e  Phase B s h u t t l e  
engine s t a t emen t  of work, Reference 5. This  assumes a sea 
level  Is of  383 seconds and a vacuum Is of 459 seconds.  
o f  Is ver sus  impulsive AV w a s  approximated f o r  use  i n  the  com- 
p u t e r  program. The a c t u a l  and approximate curves from a t ra -  
j e c t o r y  s imula t ion  are shown i n  F igure  2.5.  

A curve 

H i P C  engines  can a lso be  used w i t h  r eusab le  b a l l i s t i c  
v e h i c l e s .  For p r o t e c t i o n  during r e e n t r y ,  some type  of doors  
must be provided,  e i t h e r  e x t e r n a l  o r  i n  t he  h e a t  s h i e l d ,  t o  
p r o t e c t  t h e  b e l l  nozz les .  T h e  aerospike  engine ,  which w a s  
r u l e d  o u t  of  compet i t ion f o r  t he  l i f t i n g  body v e h i c l e s ,  o f f e r s  
such a t t ract ive conf igu ra t ion  advantages f o r  b a l l i s t i c  v e h i c l e s  
t h a t  it should  aga in  be considered. For  purposes  of comparison 
i n  t h i s  s tudy  HiPC engine performance w a s  used i n  a l l  cases. 

2 . 7  Lob-Retro Maneuver 

When ana lyz ing  two s t a g e  v e h i c l e s  i n  which t h e  f i r s t  
s t a g e  i s  b a l l i s t i c ,  a unique problem e x i s t s  i n  t h e  recovery of 
t h a t  stage. I n  e s sence ,  t h r e e  p r i n c i p l e  o p t i o n s  are available 
f o r  t h a t  f i r s t  s t a g e .  The f i r s t  p o s s i b i l i t y  i s  t o  execute  an 
impulsive maneuver immediately a f t e r  s t a g i n g  t h a t  would p u t  
t h e  b o o s t e r  on a h igh  l o f t e d  t r a j e c t o r y  ending back a t  t h e  
launch site. This  i s  c a l l e d  impulsive r e t u r n  t o  t h e  launch s i t e ,  
o r  more commonly, l ob - re t ro .  

A second method of b o o s t e r  recovery i s  t o  f l y  t h e  
b o o s t e r ,  a f t e r  s t a g e  s e p a r a t i o n ,  on t o  o r b i t .  This  would be 
done when the AV r equ i r ed  t o  go t o  o r b i t  would be less t han  
t h a t  r e q u i r e d  f o r  t h e  l o b - r e t r o  maneuver. 

A t h i r d  set of  p o s s i b i l i t i e s  involves  landing  t h e  
b o o s t e r  down range. From t h e r e  it could;  1) be r e f u e l e d  and 
flown b a l l i s t i c a l l y  back t o  t h e  launch s i te  on t h e  main pro- 
p u l s i o n  eng ines ,  2 )  use l i f t  f a n - j e t  engines  t o  f l y  back t o  
t h e  launch s i t e ,  o r  3 )  be c a r r i e d  back t o  t h e  launch s i t e  v i a  
s u r f a c e  t r a n s p o r t a t i o n .  These methods are n o t  cons idered  
a t t r a c t i v e  s i n c e  it would involve t h e  use of many recovery and 
launch f a c i l i t i e s  i n  numerous l o c a t i o n s ,  would n e c e s s i t a t e  
f a i r l y  long turn-around t i m e s ,  and would be expensive.  

E'or t h i s  a n a l y s i s ,  e i t h e r  t h e  l o b - r e t r o  maneuver o r  
t h e  f l i g h t  t o  o r b i t  of t h e  empty booster w a s  assumed t o  be  used,  
depending on which r e s u l t e d  i n  t h e  lower AV requirement.  T h i s  
maneuver i s  desc r ibed  and analyzed i n  Reference 6 .  
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3.0 ANALYTICAL APPROACH 

3 .1  Systems Syn thes i s  

T h e  procedure followed i n  developing t r a n s p o r t a t i o n  
systems t o  s a t i s f y  a v a r i e t y  of missions was t o  s t a r t  by s i z i n g  
a concept  for  one of t h e  missions.  When t h i s  v e h i c l e  i s  over- 
s i z e d  f o r  o t h e r  miss ions ,  it w a s  assumed t h a t  it would be e i t h e r  
of f - loaded  t o  g e t  t h e  d e s i r e d  performance, o r  t h e  i n c r e a s e d  per- 
formance c a p a b i l i t y  would be u t i l i z e d .  I f  t h e  v e h i c l e  i s  under- 
s i z e d  f o r  o t h e r  miss ions ,  t h e  use of  expendable stages o r  t i p  
tanks  w a s  examined. The process  is r epea ted  us ing  each of t n e  
f o u r  miss ions  as t h e  des ign  mission. An e f f o r t  w a s  made t o  
maximize the commonality o f  hardware among t h e  missions.  

The development of t h e  b a s i c  core v e h i c l e  for  each 
concept  i s  impor tan t ,  and evo lu t iona ry  o r  phased development 
i s  d e s i r e d  t o  reduce high annual spending and h igh  development 
r i s k .  Thus, new l o w  cost expendables o r  e x i s t i n g  s t a g e s  are 
used i n  t h e  i n t e r i m  t o  enab le  s tepwise development of the space 
t r a n s p o r t a t i o n  system b a s e l i n e  veh ic l e .  

3.2 - S i z i n g  Analysis  

A computer program w a s  w r i t t e n  t o  ana lyze  t h e  va r ious  
cand ida te  space  t r a n s p o r t a t i o n  s y s t e m s .  The program uses  the  
mission veloci t ies  and payloads to  compute t h e  r e q u i r e d  v e h i c l e  
s i z e .  Fea tu res  of t h e  program are t h e  a b i l i t y  t o  estimate t h e  
m a s s  f r a c t i o n  of t h e  va r ious  stages by  means of a curve f i t  of 
g r o s s  weight  vs.  X based on a v a i l a b l e  data  f o r  each type  of 
v e h i c l e .  I t  w i l l  s i z e  t he  s t a g e s  e i t h e r  f o r  minimum gross  
weight  o r  equa l  s i z e  s t a g e s .  I t  cons ide r s  t h e  v a r i a t i o n  i n  
s p e c i f i c  impulse wi th  a l t i t u d e  by us ing  an approximation f o r  
average Is ver sus  impulsive AV. 

e v a l u a t e  and select  e i the r  t h e  l o b - r e t r o  o r  t h e  on- to-orb i t  
mission mode f o r  b a l l i s t i c  boos t e r s .  

I n  a d d i t i o n ,  t h e  program w i l l  

T h e  s e n s i t i v i t y  o f  t h e  va r ious  c o n f i g u r a t i o n s  t o  
des ign  and mission v a r i a b l e s  can be computed by this program, 
as w e l l  as t h e  performance of f ixed  s t a g e s  wi th  vary ing  m i s s i o n  
c h a r a c t e r i s t i c s  i npu t s .  This program i s  described i n  d e t a i l  
i n  Reference 3 .  

Transpor t a t ion  systems are cons t ruc t ed  us ing  t h e  
va r ious  candida te  s h u t t l e  conf igu ra t ions  as a b a s e l i n e .  The 
s h u t t l e  i s  f i rs t  s i z e d  t o  accomplish t h e  mission r e q u i r i n g  
the largest  veh ic l e .  The veh ic l e  i s  then used, e i t he r  o f f -  
loaded or w i t h  excess  payload, f o r  t h e  remainder of t h e  des ign  
miss ions .  
program where e a r l y  use  i s  accomplished u t i l i z i n g  l o w  cost  
expendable boos t e r s  when poss ib le .  This then comprises one 
t r a n s p o r t a t i o n  system. 

The  c r e w  systems a r e  then f i t t e d  i n t o  an evo lu t iona ry  
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The s h u t t l e  is  then designed f o r  t h e  nex t  m o s t  
e n e r g e t i c  mission. Expendables a re  added t o  allow completion 
o f  t h e  mission r e q u i r i n g  increased  performance. Once aga in ,  
o f f - load ing  or  u t i l i z a t i o n  of  t h e  a d d i t i o n a l  payload capa- 
b i l i t y  i s  a p p l i e d  f o r  t h e  remaining missions.  

I 

This s i z i n g  procedure is cont inued  u n t i l  t h e  s h u t t l e  
i s  s i z e d  f o r  e i t h e r  the l o g i s t i c s  o r  reconnaissance  mission 
such t h a t  bo th  can be accomplished wi thou t  expendables.  Various 
types  of  expendables are then added f o r  t h e  o t h e r  mis s ions ,  and 
t h e  c r e w  systems are f i t t e d  i n t o  an e a r l y  use  evo lu t iona ry  
program. This same procedure i s  followed i n  d e r i v i n g  t h e  vari-  
ous t r a n s p o r t a t i o n  systems wi th in  each s h u t t l e  concept.  

4 .0  RESULTS 

The r e s u l t s  of t h i s  s tudy are p resen ted  i n  t w o  s e c t i o n s .  
The f i rs t  i s  t h e  space  t r a n s p o r t a t i o n  systems cons ide r ing  NASA 
missions only wh i l e  the second i s  t h e  t r a n s p o r t a t i o n  systems 
when USAF miss ions  are also considered. This  w i l l  allow t h e  
de te rmina t ion  of t h e  e f f e c t  o f  USAF missions when added t o  NASA 
requirements ,  and g i v e  an i n d i c a t i o n  of t h e  growth p o t e n t i a l  
o f  t h e  va r ious  conf igu ra t ion  a l t e r n a t i v e s .  

Space t r a n s p o r t a t i o n  s y s t e m s  have been developed f o r  
a l l  concepts  t o  perform a l l  the design miss ions .  These systems 
were compared, and only t h e  r e s u l t s  of t h e  m o s t  promising con- 
c e p t s  p re sen ted  here. The minimum p o s s i b l e  v e h i c l e  s i z e  f o r  
a l l  t h e  concepts  is presented .  

4.1 NASA Missions 

T h e  f i r s t  s t e p  i n  a comparative s tudy  w i l l  involve  
s i z i n g  a t r a n s p o r t a t i o n  system f o r  NASA missions only .  
e f f e c t s  and p e n a l t i e s  fo r  designing an all-service s h u t t l e  can 
then  be determined by adding the U S A F  miss ions  t o  t h e  r equ i r e -  
ments and r e - s i z i n g  a l l  t h e  concepts. A summary of  a l l  t h e  
concepts  s i z e d  f o r  t h e  NASA c r e w / l o g i s t i c s  mission i s  shown i n  
F igu re  4.1. Four of t h e s e  concepts w e r e  less a t t r a c t i v e  than  
t h e  others and were dropped f r o m  f u r t h e r  s tudy  a t  t h i s  p o i n t .  
They are shaded i n  F igure  4.1 and are concepts  2, 7, 1 0  and 11. 

The 

Concept 1, a SSTO veh ic l e  w i t h  c r e w  and cargo  in -  
c luded i s  heavy, has  a high s e n s i t i v i t y  t o  des ign  changes,  
and must be  developed i n  an a l l  up program. I t  w a s  s t i l l  con- 
sidered due t o  i t s  extremely s i m p l e  o p e r a t i o n a l  characterist ics.  
For  c r e w / l o g i s t i c s  miss ions ,  only one p i e c e  of hardware i s  used 
and recovered.  Tip  tanks  o r  an expendable s t a g e  i s  r e q u i r e d  
for  t h e  cargo mission.  
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Concept 2, a b a l l i s t i c  f i r s t  s t a g e  and a l i f t i n g  
second s t a g e ,  o f f e r s  no obvious performance o r  o p e r a t i o n a l  
advantages over concept  4. I t  i s  a l so  somewhat h e a v i e r  and 
would n e c e s s i t a t e  t h e  development of t w o  d i f f e r e n t  t ypes  of  
s t a g e s .  Thus, a l e a r n i n g  process  from a phased development 
program would be somewhat l imi t ed .  This concept w a s  t he re -  
f o r e  se t  a s i d e  f o r  the p r e s e n t ,  with more d e t a i l e d  a n a l y s i s  
n o t  warran ted  a t  t h i s  t i m e .  

Another concept de fe r r ed  from f u r t h e r  s tudy  a t  t h i s  
t i m e  i s  concept  7. T h i s  concept h a s  an i n t e g r a t e d  b a l l i s t i c  
o r b i t e r  w i t h  a l i f t i n g  body boos ter .  I n i t i a l  s i z i n g  ana lyses  
i n d i c a t e d  t h a t  t h e  re la t ive  s i z e s  of t he  t w o  s t a g e s  would n o t  
p h y s i c a l l y  permi t  t h i s  arrangement s i n c e  t h e  b a l l i s t i c  o r b i t e r  
diameter: w a s  t o o  l a r g e .  A better conceptua l  approach i s  t o  con- 
s i d e r  t h a t  t h e  b o o s t e r  i s  r e a l l y  t w o  or more smaller l i f t i n g  
bod ies ,  mounted around t h e  per iphery  of t h e  o r b i t e r .  
t h e s e  b o o s t e r  stages burn i n  p a r a l l e l ,  t h e  e f f e c t  is  of a s i n g l e  
b o o s t e r  s t a g e  wi th  a m a s s  f r a c t i o n  corresponding t o  t h e  A fo r  
t h e  i n d i v i d u a l  b o o s t e r  e lements .  When a b o o s t e r  s t a g e  s m a l l  
enough t o  permi t  p h y s i c a l  compa t ib i l i t y  i s  cons idered ,  t h e  
system loses any promised weight  advantage. I n  a d d i t i o n  t h e  
m u l t i p l i c i t y  of v e h i c l e s  t h a t  must be i n t e g r a t e d  and processed  
f o r  each f l i g h t  i s  a s i g n i f i c a n t  economic disadvantage.  
F i n a l l y  t h e  concept  appears  t o  o f f e r  no advantages over concept  3 ,  
which has  a b a l l i s t i c  s t a g e  i n  p lace  of the l i f t i n g  body booster 
s t a g e s .  

S ince  

The l a s t  t w o  concepts  deemed n o t  compet i t ive  a r e  con- 
c e p t s  1 0  and 11 which c o n s i s t  of t w o  equa l  s i z e  l i f t i n g  body 
s t a g e s  w i t h  s e p a r a t e  c r e w  veh ic l e s .  
heavy, have extremely high s e n s i t i v i t i e s  t o  changes i n  des ign  
requirements  o r  performance c a p a b i l i t y ,  and i n  g e n e r a l  o f f e r  no 
a t t r ac t ive  f e a t u r e s  r e l a t i v e  t o  t h e  o t h e r  concepts.  These con- 
f i g u r a t i o n s  w i l l  no longe r  be s tud ied .  The system ba lances  
and s e n s i t i v i t i e s  of those  concep t s  e l imina ted  are shown i n  
Appendix C ,  F igures  C.5 through C.9. 

These s t a g e s  are very  

A summary of  t h e  major system c h a r a c t e r i s t i c s  of t h e  
s u r v i v i n g  concepts  cons ide r ing  NASA missions only  i s  shown i n  
F igu re  4.2. The numbers shown are f o r  the b a s e l i n e  v e h i c l e s  de- 
s igned  for  e i ther  minimum gross weight o r  minimum expendables.  
When des igned  f o r  minimum gross  weight ,  t h e  v e h i c l e  a t t a i n s  the 
necessa ry  performance f o r  t h e  more e n e r g e t i c  missions wi th  t h e  
use of l o w  cost expendable hardware. When des ign ing  f o r  mini- 
mum expendables ,  t h e  pena l ty  i s  paid i n  t h e  form of  a l a r g e r  
b a s e l i n e  v e h i c l e  i n  which m o s t  or a l l  missions are performed 
wi thou t  the use of expendables.  
i n c l u d e s  any expendables such as drop tanks  o r  expendable 
s t a g e s  t h a t  may be r equ i r ed .  

T h e  number o f  new developments 
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Fac to r s  such as t h e  number of new developments and 
t h e  phased development of t h e  hardware h e l p  i n  t h e  unders tanding  
of r e l a t i v e  RDT&E c o s t s  o f  t h e  var ious  concepts .  A system 
amenable t o  phased development i s  one i n  which t h e  crew v e h i c l e  
could be  developed and flown w e l l  b e f o r e  t h e  t o t a l  concept  I O C .  
I t e m s  such as the number of recoverable  and expendable p i e c e s  
of hardware g i v e  an i n d i c a t i o n  of the  re la t ive o p e r a t i n g  cost  
of t h e  va r ious  s h u t t l e  concepts.  

I n  g e n e r a l ,  t h e  major e f f e c t  of  exc lud ing  U S A F  
missions w a s  lower g ross  weight  and des ign  s e n s i t i v i t i e s  of 
the candida te  conf igu ra t ions .  ' t h i s  i s  p a r t i c u l a r l y  t r u e  of  
those concepts  having t h e  crew and payload i n  b a l l i s t i c  v e h i c l e s .  
I n  g e n e r a l ,  it can be s a i d  t h a t  the t w o  stage b a l l i s t i c  v e h i c l e s  
are q u i t e  l i g h t  and have low s e n s i t i v i t i e s .  They also adap t  
w e l l  t o  phased development programs. Another advantage i s  t h a t  
t h e s e  concepts could be designed such t h a t  no expendable hard- 
ware is  needed f o r  ei ther miss ion .  T h e  s ing le - s t age - to -o rb i t  
v e h i c l e s  do n o t  appear  competi t ive from any s t a n d p o i n t  o t h e r  
than  o p e r a t i o n a l  s i m p l i c i t y .  This factor ,  however, could be 
very impor tan t  and should  keep t h i s  class of v e h i c l e s  under 
cons ide ra t ion .  

Concept 4 ,  i s  l i g h t e r  and less s e n s i t i v e  than  t h e  
SSTO v e h i c l e s  b u t  h e a v i e r  and more s e n s i t i v e  than  t h e  mul t i -  
s t a g e  b a l l i s t i c  v e h i c l e s .  While it r e q u i r e s  t h e  use of 
expendable hardware fo r  cargo  missions it does n o t  r e q u i r e  
development of both  b a l l i s t i c  and l i f t i n g  recoverable  v e h i c l e s  
and g e n e r a l l y  r e q u i r e s  equa l  o r  fewer s t a g e s  i n  ope ra t ion  
than the mul t i - s t age  b a l l i s t i c  s y s t e m s .  

Appendix B con ta ins  t h e  system ba lances ,  s e n s i t i v i t i e s ,  
cand ida te  t r a n s p o r t a t i o n  sys  t e m s ,  and s i z i n g  curves f o r  t h e  
a t t r a c t i v e  concepts  cons ider ing  only NASA missions.  Discussion 
o f  the s i g n i f i c a n t  c h a r a c t e r i s t i c s  o f  each concept  i s  a l s o  
inc luded .  

4 . 2  NASA/USAF' Missions 

A summary of t h e  m i n i m u m  v e h i c l e  s i z e  f o r  t h e  e l even  
cand ida te  concepts  designed f o r  both NASA/USAF missions i s  
shown i n  F igure  4 . 3 .  The minimum vehicle s i z e  w a s  determined 
by the USAF c ross range  mission f o r  a l l  concepts  excep t  4 and 9 ;  
these w e r e  s i z e d  by t h e  NASA crew/logistics mission.  

A s  b e f o r e ,  t he  concepts n o t  cons idered  compet i t ive  
f o r  NASA only missions were dropped here f o r  t h e  same reasons.  
I n  a d d i t i o n  the s ing le - s t age - to -o rb i t  v e h i c l e  w i t h  i n t e g r a l  
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crew/payload, concept 1, could not  perform t h e  USAF cross- 
range mission wi thou t  expendable hardware. I t  n e c e s s i t a t e s  
a l l - u p  development wi th  no phased development be ing  p o s s i b l e  
and i s  extremely s e n s i t i v e  t o  i n e r t  weight  and s p e c i f i c  i m -  
p u l s e  changes. For these reasons ,  it w a s  no longe r  cons idered  
f o r  NASA/USAF miss ions .  

The des ign  system balance and s e n s i t i v i t i e s  o f  the  
e l i m i n a t e d  concepts  are shown f o r  completeness i n  Appendix C. 

The major e f f e c t  of adding USAF miss ions  w a s  t o  
g r e a t l y  i n c r e a s e  t h e  s i z e  of  those v e h i c l e s  i n  which t h e  cross- 
range is  obta ined  w i t h  a b a l l i s t i c a l l y  shaped vehicle. This  
n e c e s s i t a t e s  a l a r g e  i n c r e a s e  i n  t h e  p ropu l s ion  c a p a b i l i t y  of 
t h e  stages. As a r e s u l t ,  concept 3 more than  t r i p l e d  i n  s i z e .  
The other concepts  showing t h e  most s i g n i f i c a n t  effect  w e r e  6 
and 8 which both  have s e p a r a t e  b a l l i s t i c  crew v e h i c l e s .  A 
summary of t h e  p e r t i n e n t  in format ion  on t h e  cand ida te  space  
t r a n s p o r t a t i o n  system concepts i s  shown i n  F igure  4 . 4 .  

From both  a weight  and s e n s i t i v i t y  s t a n d p o i n t ,  t h e  
d a t a  i n d i c a t e  t h a t  t w o  s t a g e  b a l l i s t i c  vehicles wi th  s e p a r a t e  
c r e w  v e h i c l e s  are very a t t r a c t i v e .  These concepts  are t h e  
l i g h t e s t  and have a l o w  s e n s i t i v i t y  t o  pa rame t r i c  v a r i a t i o n s .  

Concept 4 is  approximately t h e  same as 3 ,  5 and 6 
a l though less s e n s i t i v e .  I t  is heavier and more s e n s i t i v e  than  
8 and 9 b u t  i s  o p e r a t i o n a l l y  similar. I t  r e t a i n s  t h e  v i r t u e  
of n o t  r e q u i r i n g  development of both l i f t i n g  and b a l l i s t i c  
v e h i c l e s  and i s  i n  t h i s  r ega rd  q u i t e  l i k e  concept  9.  Concept 4 
i s  n o t  w e l l  s u i t e d  t o  phased development whereas 5 ,  6 ,  8 and 9 
are. 

S ince  t h e  USAF crossrange mission i s  somewhat ill- 
d e f i n e d ,  t h e  e f f e c t  of payload f o r  t h i s  mission on v e h i c l e  
g ross  weight  w a s  determined f o r  some concepts  and shown on 
Figure  4 . 5 .  I t  can be seen  t h a t  concepts  4 and 9 are r e l a t i v e l y  
i n s e n s i t i v e  t o  payload s i z e ,  while concept  3 is  q u i t e  s e n s i t i v e  
t o  changes i n  payload f o r  t h i s  mission. I n  g e n e r a l ,  it can be 
s a i d  t h a t  systems having crew and payload i n  a b a l l i s t i c  vehicle 
have a h igh  s e n s i t i v i t y  t o  payload changes fo r  t h e  c ross range  
mission s i n c e  the crossrange  i s  acquired p ropu l s ive ly .  Thus , 
concepts  3 ,  6 and 8 would show the g r e a t e s t  g ros s  weight  changes 
if t h e  payload f o r  t h i s  mission were t o  change. 

The system ba lances  , s e n s i t i v i t i e s  , cand ida te  t r a n s -  
p o r t a t i o n  systems,  and s i z i n g  curves are p resen ted  i n  Appendix B 
fo r  a l l  t h e  candida te  concepts.  Discussion of t h e  s i g n i f i c a n t  
c h a r a c t e r i s t i c s  of each concept is a lso included.  
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5.0 SUMMARY 

5.1 Conf igura t ion  Considerat ions 

1) The a d d i t i o n  of  t h e  USAF miss ions ,  more s p e c i f i -  
c a l l y  t h a t  of r e q u i r i n g  t h e  d e o r b i t i n g  s p a c e c r a f t  t o  have a 
1500 n.mi. c ross range  c a p a b i l i t y ,  has  a number of  impor tan t  
consequences. Most s i g n i f i c a n t  i s  the  conclus ion  t h a t  the 
d e o r b i t i n g  s p a c e c r a f t  should not  be b a l l i s t i c  i f  large cross- 
range is  des i r ed .  This is  t h e  case because a b a l l i s t i c  v e h i c l e  
must a t t a i n  t h e  c ross range  p ropu l s ive ly  and t h i s  r e s u l t s  i n  a 
l a r g e  i n c r e a s e  i n  t h e  s t a g e  weight over a l o w  c ross range  des ign  
and a h igh  s e n s i t i v i t y  t o  payload weight changes. Applying 
this conclusion t o  t h e  conf igu ra t ions  s t u d i e d ,  concepts  6 and 
8 are no longe r  cons idered  a s  a t t r a c t i v e .  The d i f f e r e n c e  be- 
tween concepts  5 and 6 i s  simply t h e  c h a r a c t e r  of t h e  c r e w  
vehicle and t h e  same can be s a i d  of  concepts  8 and 9 .  I n  
a d d i t i o n ,  concept 3 becomes extremely s e n s i t i v e  t o  changes i n  
i n e r t  weight ,  I 

The conf igu ra t ions  w i t h  l i f t i n g  body c r e w  v e h i c l e s  do n o t  show 
s i g n i f i c a n t  d i f f e r e n c e s  when comparing f o r  NASA only  and NASA/ 
USAF mission and are t h u s  favored because of t h e  i n h e r e n t  
mission f l e x i b i l i t y .  

etc. and i s  only margina l ly  compet i t ive .  
SP 

2 )  I n  t h e  absence of a l a r g e  c ross range  requirement ,  
o r  i f  a s e p a r a t e  h igh  L/D c r e w  v e h i c l e  i s  used,  t h e  t w o  s t a g e  
b a l l i s t i c  v e h i c l e  concepts  appear t o  be l i g h t  and t o  have l o w  
s e n s i t i v i t i e s  t o  s m a l l  paramet r ic  changes,  assuming close t o  
nominal va lues  fo r  m a s s  f r a c t i o n s ,  a s c e n t  AV's, etc.  

3 )  S i n g l e  s t age - to -o rb i t  concepts  are only  margina l ly  
compet i t ive  w i t h  t h e  other concepts on a s i z e  and s e n s i t i v i t y  
b a s i s .  I t ' s  p r i n c i p a l  advantage seems t o  be i t s  i n h e r e n t  opera- 
t i o n a l  s i m p l i c i t y .  

4 )  Based on the assumptions, fou r  of t h e  concepts  
s t u d i e d  war ran t  f u r t h e r  i n v e s t i g a t i o n .  These concepts ,  a long 
wi th  a summary of t h e i r  r e l a t i v e  c h a r a c t e r i s t i c s ,  are shown 
i n  F igu re  5.1. They c o n s i s t  of t h e  t w o  s t a g e  l i f t i n g  concept ,  
two s t a g e  b a l l i s t i c  v e h i c l e s  w i t h  both s e p a r a t e  and i n t e g r a t e d  
c r e w  and cargo systems,  and a s ing le - s t age - to -o rb i t  booster w i t h  
a s e p a r a t e  l i f t i n g  body orbiter. 

I t  can be seen f r o m  the  f i g u r e  t h a t  t h e  t w o  s t a g e  
b a l l i s t i c  v e h i c l e  w i th  a s e p a r a t e  crew v e h i c l e  has  a weight  
advantage over t h e  o t h e r  concepts. I t  a lso d i s p l a y s  an almost 
equa l  s e n s i t i v i t y  advantage. The b a l l i s t i c  v e h i c l e s  can a l l  
be des igned  wi th  no expendable hardware requi red .  
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Phased development allows t h e  e a r l y  use  o f  t h e  c r e w  
and cargo  system b e f o r e  f u l l  development o f  t h e  boos te r .  
Thus, concepts  w i th  s e p a r a t e  crew v e h i c l e s  w i l l  be more 
amenable t o  phased development ( i .e.  , #5 and #9). 

The a b i l i t y  t o  augment t h e  performance of a stage,  
once b u i l t ,  is impor tan t  i f  t h e  des ign  goa l s  are n o t  m e t .  
This augmentation i s  cons idered  easier wi th  r e l a t i v e l y  sym- 
metric b a l l i s t i c  b o o s t e r s ,  and e s p e c i a l l y  wi th  t h e  SSTO 
v e h i c l e  s i n c e  t h e r e  is  no change i n  t h e  s t a g i n g  c h a r a c t e r i s t i c s .  

5 . 2  General  A n a l y t i c a l  Considerat ions 

1) The need c l e a r l y  e x i s t s  f o r  more b a l l i s t i c  
v e h i c l e  des ign  d a t a .  The r e s u l t s  of t h i s  s tudy  are based 
on only  l i m i t e d  a n a l y t i c a l  s t u d i e s  of  l a r g e  SSTO b a l l i s t i c  
v e h i c l e s .  I n  depth s tudy  i s  needed t o  determine stage mass 
f r a c t i o n s ,  t h e  e f f e c t  o f  i n t e r n a l  payload volume on s t a g e  
we igh t s ,  t h e  weight of a s e p a r a t e  o r b i t e r ,  i n t e r s t a g e  we igh t s ,  
and a s c e n t  and landing  AV's. More d e t a i l e d  i n v e s t i g a t i o n  i s  
needed i n t o  ver t ica l  l and ing  and l o b - r e t r o  maneuvers f o r  
b a l l i s t i c  s t a g e s ,  p a r t i c u l a r l y  i n  t h e  area of r e e n t r y  navi- 
g a t i o n  and guidance t o  achieve a high degree of  accuracy.  

2 )  A clearer d e f i n i t i o n  of t h e  des ign  r e f e r e n c e  
miss ions  should  be made. A s i n g l e  des ign  mission c a n ' t  be  
found b u t  a l l  m i s s i o n s  should be used. 

3 )  The choice of  propuls ion  systems f o r  b a l l i s t i c  
v e h i c l e s  is  a s i g n i f i c a n t  t e c h n i c a l  ques t ion .  The f e a s i b i l i t y  - 
and use  of  annu la r  nozz les  must be explored  i n  f u l l  s i n c e  i t s  
use r e s u l t s  i n  an a t t rac t ive  conf igu ra t ion .  The base  h e a t  
s h i e l d  which must p r o t e c t  t h e  engines  dur ing  r e e n t r y  could 
a lso be  a problem. 

4 )  The advantages of t h e  t w o  s t a g e  b a l l i s t i c  
v e h i c l e  under t h e  assumptions made have been presented .  
Previous  concern has  been expressed i n  t h e  a r e a s  of a s c e n t  
v e l o c i t y ,  des ign  s t a t e - o f - t h e - a r t  as r ep resen ted  by t h e  q u i t e  
a t t r a c t i v e  m a s s  f r a c t i o n s  f o r  the  b a l l i s t i c  recoverable  
v e h i c l e s ,  and weight  p e n a l t i e s  due t o  i n t e r s t a g e  s t r u c t u r e  
and d i f f e r i n g  t h r u s t  requirements.  

Should t h e  r eade r  d e s i r e  a f u l l  exp lana t ion ,  
Appendix D con ta ins  a record of t h e  a n a l y s i s  and an exp lana t ion  
of t h e  numerical  estimates a s soc ia t ed  wi th  t h e  fo l lowing  
p r e s e n t a t i o n .  Table 5.1 d i sp l ays  t h e  g ross  l i f t o f f  weight  
of concept  9 when s i z e d  t o  m e e t  bo th  NASA and USAF miss ions  
wi th  no expendable hardware. The dimensions o f  t h e  ma t r ix  
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(lo6 l b . )  1.05 

0.8 

SECOND 
STAGE, 1 . 0  

f 2  

1.05 2 . 6 6 4  

1 . 2  

of T a b l e  5.1 are t h e  r e l a t i v e  values  of  t h e  s t r u c t u r a l  
f r a c t i o n s  of  t h e  f i r s t  and second stages of t h e  b o o s t  v e h i c l e  
t o  those  one would d e r i v e  from Figure  2.2*. N o t e  t h a t  t h e  
v e h i c l e  was o r i g i n a l l y  s i z e d  with f - 1.05 t o  approximate 
p e n a l t i e s  a r i s i n g  from t h e  commonality requirement .  

1.1 1.35 1 . 6  

2.252 2.325 

2.588 2.689 2.782 

3.159 3.293 

I f  w e  now a d j u s t  t h e  f i r s t  s t a g e  engine  weight  
p e n a l t y  and add an i n t e r s t a g e  weight p e n a l t y ,  t h e  a n t i c i p a t e d  
g ross  weight  becomes 2.689 x l o 6  l b s .  ( f l  = 1.35, f 2  = 1 . 0 )  

(as opposed t o  2 .664  x l o 6  lbs.). 

I f  w e  f u r t h e r  assume t h e  des ign  s ta te  of  t h e  a r t  as 
r ep resen ted  by Figure  2 . 2  i s  o p t i m i s t i c  by 2 0 % ,  ( f  = 1 . 2 )  
then  f l ' =  1 . 6 ,  f 2  = 1 . 2  and the l i f t o f f  weight  becomes 

r 

3.293 x 10' l b s .  S i m i l a r l y  one can assume t h a t  F igure  2 .2  
i s  p e s s i m i s t i c  by 20% ( f  = 0.8) then f l  = 1.1 and f 2  = 0.8 
and t h e  l i f t o f f  weight  i s  2.252 x l o 6  l b s .  

Table  5.1 

GROSS LIFTOFF WEIGHT VERSUS 
STAGE STRUCTURAL WEIGHT FACTOR 

(NASA Cargo Miss ion ,  Two Equal B a l l i s t i c  S tages )  

FIRST STAGE, f l  

~ 

, where u = 1 - A  as taken from Figure  2 .2 .  *f = - U '  
(5 

P r o p e l l a n t  weights  are h e l d  cons tan t  when a d j u s t i n g  0 and 
thus  t h e  s t a g e  g ross  weight must a l so  change. 
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The same d a t a  i s  repea ted  on Table 5.2 f o r  an a s c e n t  
v e l o c i t y  t h a t  i s  500 f p s  h i g h e r  and on Table 5 . 3  f o r  an a s c e n t  
v e l o c i t y  500 f p s  lower than  t h a t  used i n  t h i s  a n a l y s i s .  I t  
can be seen  t h a t  i n  t h e s e  cases, t h e  gross l i f t o f f  weight  of t h e  
v e h i c l e  i s  less than t h e  p red ic t ed  weight f o r  t h e  c u r r e n t  s h u t t l e  
cand ida te  veh ic l e .  

I 
1 .  
I 

T a b l e  5.2 

GROSS LIFTOFF WEIGHT VERSUS 
STAGE STRUCTURAL FRACTION 

(NASA Cargo Mission, Two Equal B a l l i s t i c  S t ages  
Ascent AV = 29 ,960  + 5 0 0 ,  f p s )  

FIRST STAGE, f l  
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T a b l e  5.3 

GROSS LIFTOFF WEIGHT VERSUS 

STAGE STRUCTURAL FRACTION 

(NASA Cargo Mission, Two Equal B a l l i s t i c  S tages  
Ascent AV = 29 ,960  - 5 0 0 ,  f p s )  

FIRST STAGE, f l  

5.3 Conclusions 

Based on t h e  q u a n t i t a t i v e  assumptions r e l a t ive  t o  
mass f r a c t i o n s ,  a s c e n t  losses,  engine  performance, miss ion  
requi rements ,  etc. , and subjective judgments used i n  s c r e e n i n g  
of cand ida te  s h u t t l e  c o n f i g u r a t i o n s ,  f o u r  concepts  as described 
above war ran t  f u r t h e r  s tudy .  Of these, a l l  are under c u r r e n t  
s t u d y  excep t  t h e  t w o  s t a g e  ba l l i s t i c  v e h i c l e s .  The g e n e r a l  
c o n s i d e r a t i o n s  l i s ted  above i n d i c a t e  t h e  areas i n  which f u r t h e r  
i n v e s t i g a t i o n  i s  needed. 

A. E .  Marks 
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APPENDIX A 

A.  1. Stage Desc r ip t ions  

The c u r r e n t  s h u t t l e  design i n  Phase B i s  a t w o  s t a g e  
f u l l y  r e u s a b l e  l i f t i n g  body conf igu ra t ion .  
winged s u r f a c e s ,  e i t h e r  f i x e d  or  swing-type, and a r e  conf igured  
f o r  h o r i z o n t a l  l and  landing.  
and t h e  ma jo r i ty  of  t h e s e  are d iscussed  i n  d e t a i l  i n  References 
7 t o  1 4 .  

The stages have 

Many des igns  have been proposed 

A s i g n i f i c a n t  c h a r a c t e r i s t i c  of a l i f t i n g  body s t a g e  
i s  i t s  g e n e r a l l y  l o w  mass f r a c t i o n ,  due mainly t o  i t s  geometry. 
The c o n f i g u r a t i o n  is  n o t  w e l l  s u i t e d  t o  t h e  packaging o f  pro- 
p e l l a n t s  and a l a r g e  s u r f a c e  t o  volume r a t i o  e x i s t s .  
large winged s u r f a c e s  which must w i ths t and  a s c e n t  and r e e n t r y  
loads  make t h e  s t r u c t u r e  q u i t e  heavy. 

A l s o ,  

Numerous s m a l l  l i f t i n g  body c r e w  v e h i c l e s  have been 
des igned ,  b u i l t ,  and undergone s u c c e s s f u l  b u t  l i m i t e d  t e s t i n g .  
From an o p e r a t i o n a l  s t a n d p o i n t ,  t h e s e  c o n f i g u r a t i o n s  have 
demonstrated t h e i r  f e a s i b i l i t y .  
l e m s  e x i s t  wi th  t h e  l a r g e r  s t a g e s  now cons idered ,  and t h e s e  
are mainly i n  the areas of thermal p r o t e c t i o n ,  f l i g h t  s t a b i l i t y ,  
and ope ra t ions .  

S i g n i f i c a n t  technology prob- 

A. 2. Recoverable B a l l i s t i c  Systems 

Recoverable b a l l i s t i c  systems have been s t u d i e d  t o  
a f a i r  degree i n  t h e  p a s t ,  b u t  were u s u a l l y  l i m i t e d  t o  large 
payload s ing le - s t age - to -o rb i t  systems, References 15 t o  18. 
A b a l l i s t i c  s t a g e  has  a c h a r a c t e r i s t i c  b l u n t  a f t  end, and an 
o v e r a l l  c o n i c a l  shape. The s t a g e s  l i f t - o f f  v e r t i c a l l y  and 
l and  v e r t i c a l l y .  
t o  t h e  Apollo s p a c e c r a f t ,  wi th  the h e a t  s h i e l d  designed t o  
enhance r e u s a b i l i t y ,  p r o t e c t  t h e  engines ,  and minimize re- 
f urbishmen t. 

Reentry is  accomplished i n  a f a sh ion  s imi l a r  

Limited cross range can be achieved f r o m  a r e e n t e r i n g  
b a l l i s t i c  s t a g e  due t o  an L/D around .2 .  Any a d d i t i o n a l  cross 
range t h a t  is d e s i r e d  would have t o  be achieved p ropu l s ive ly .  
Vert ical  landing  i s  accomplished s i m i l a r  t o  t h e  LM or  Surveyor 
by f i r i n g  t h e  main engines  t o  remove t h e  t e r m i n a l  v e l o c i t y  and 
t o  allow some hover and t r a n s l a t i o n  t i m e .  A b o o s t e r  which 
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burns o u t  down-range w i l l  have t o  u s e  p ropu l s ion  t o  r e t u r n  t o  
t h e  launch s i te .  This  can be accomplished by f i r i n g  t h e  main 
engines  a t  t h e  apogee of t h e  t r a j e c t o r y  t o  "lob-retro" back 
t o  t h e  launch s i te .  This  maneuver i s  d e s c r i b e d  i n  more d e t a i l  
i n  Reference 6 .  A i rb rea th ing  engines  could  i n  p r i n c i p l e  be  
used f o r  subsonic  c r u i s e  back t o  t h e  launch s i te  r a t h e r  t han  
us ing  a " lob - re t ro"  , b u t  f u e l  consumption would be p r o h i b i t i v e .  

The shape of t h e  b a l l i s t i c  v e h i c l e s  enab le s  r e l a t i v e l y  
high m a s s  f r a c t i o n s  t o  be a t t a i n e d .  The geometry p r e s e n t s  a 
good c o n f i g u r a t i o n  f o r  p r o p e l l a n t  packaging, and t h e r e  a r e  no 
heavy winged s u r f a c e s .  A s i n g l e - s t a g e - t o - o r b i t  b a l l i s t i c  
b o o s t e r  t h e n  becomes f e a s i b l e ,  s i n c e  t h e  high mass f r a c t i o n s  
can  be ob ta ined .  A number of s t u d i e s  have been conducted i n  
t h e  p a s t  on t h e s e  type  s t a g e s  and t h e y  appear  a t t r a c t i v e .  An 
e s t i m a t i o n  of s t a g e  d iameter  v s .  g r o s s  weight  u s ing  judgment 
and s imple  geometr ic  cons ide ra t ions  i s  made. 
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APPENDIX B 

SYSTEMS SUMMARY 

B.l. NASA/USAE' T r a n s p o r t a t i o n  Systems Summary 

B . l . l  Concept 3 

This  concept ,  a two s t a g e  b a l l i s t i c  v e h i c l e  w i th  
i n t e g r a t e d  c r e w  and payload,  has  a minimum on-pad weight  of 
about  3.5 m i l l i o n  pounds. The v e h i c l e  is s i z e d  f o r  t h e  
USAF c r o s s  range miss ion  and has  more than  s u f f i c i e n t  
c a p a b i l i t y  t o  perform a l l  t h e  o t h e r  NASA/USAF miss ions  wi th  excess 
payload c a p a b i l i t y .  I t  can c a r r y  m o r e  t han  85,000 pounds 
up whi le  r e t u r n i n g  1 0 , 0 0 0  pounds for t h e  USAF 00s miss ion .  
I n  a d d i t i o n ,  as an e x t e r n a l  cargo carrier,  it can p l a c e  185,000 
pounds of d i s c r e t i o n a r y  payload i n t o  an o r b i t  d e s i r e d  by 
NASA. 

The m o s t  a t t r a c t i v e  t r a n s p o r t a t i o n  system b u i l t  
around t h i s  concept  i s  t o  des ign  t h e  v e h i c l e  f o r  t h e  USAF 
cross range mission and f l y  e x a c t l y  t h e  same v e h i c l e  f o r  
a l l  other miss ions .  T h i s  i s  a very d e s i r a b l e  a t t r i b u t e  of 
t h i s  concept .  

The s e n s i t i v i t y  of t h i s  des ign  t o  paramet r ic  changes 
g i v e s  an i n d i c a t i o n  of t h e  r i s k  involved i n  t h e  development of 
t h i s  v e h i c l e .  
load  change f o r  i n e r t  weight growth and f o r  s p e c i f i c  impulse 
changes from nominal des ign .  It is  n o t  unusual  f o r  s t a g e s  
under development t o  exper ience  a t  least  a 1 0  pe rcen t  growth 
i n  i n e r t  weight .  
approximately 40  p e r c e n t  of t h e  payload would be l o s t  f o r  a 
c r e w / l o g i s t i c s  miss ion .  
miss ion  would be l o s t  w i t h  on ly  a 3 1/2 percen t  i n e r t  weight  
growth. A one p e r c e n t  dec rease  i n  d e l i v e r e d  s p e c i f i c  impulse 
w i l l  reduce t h e  payload by 35 percen t  f o r  t h e  c ross - range  
mission.  

The impor tan t  s e n s i t i v i t i e s  are t h a t  of pay- 

I f  t h i s  w e r e  t o  be t h e  c a s e  f o r  t h i s  v e h i c l e ,  

The e n t i r e  payload f o r  t h e  c ross - range  

Figure  B . l .  summarizes t h e  concept  system des ign  and 
s e n s i t i v i t i e s ,  w h i l e  F igure  B . 2  shows t h e  t r a n s p o r t a t i o n  
system based on t h i s  concept .  S i z ing  curves  showing t h e  s t a g e  
and g r o s s  l i f t o f f  weights  v s .  orbi ter  and boos te r  v e l o c i t y  
s p l i t  a r e  p re sen ted  i n  F igure  B . 3 .  

B . 1 . 2  Concept 4 

The c u r r e n t  NASA Phase B des ign  concept  is  d e p i c t e d  
as concept  4 i n  t h i s  a n a l y s i s .  I t  c o n s i s t s  of two l i f t i n g  
body s t a g e s  wi th  payload and crew i n t e g r a t e d  i n t o  t h e  o r b i t e r .  



FIGURE B.l 

CONFIGURATION 3 

NASA/USAF MISSIONS 

SYSTEM BALANCE - RECONNAISSANCE 

BOOSTER - BALLISTIC 

ORBITER - BALLISTIC (WITH INTEGRATED CREW/PAYLOAD) 

PAYLOAD (UP - DOWN) 10000 - 10000 

BOOSTER ORBITER 

ASCENT DELTA V'S 
FRACTION OF BOOST VELOCITY 
SPECIFIC IMPULSE 
STAGE MASS FRACTION 
STAGE GROSS WEIGHT 
LIFT-OFF GROSS WEIGHT 

VEHICLE SENSlTlVlTl ES 

PROPELLANT WEIGHT (LBS PL/%) 
STRUCTURAL WEIGHT (LBS PL/%) 
SEA LEVEL Is (LBS PL/SEC) 
VACUUM Is (LBS PL/SEC) 
ON-ORBIT DELTA V (LBS PL/FPS) 
CROSS-RANGE DELTA V (LBS PL/FPS) 
HOVER DELTA V (LBS PL/FPS) 

TOTAL IMPULSIVE DELTA V (LBS PL/FPS) 
LOB-RETRO DELTA V (LBS PL/FPS) 

DE-ORBIT DELTA V (LBS PL/FPS) 
TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

12913 18514 
.4109 .5891 
440.7 459.0 
.go94 .g038 

2.582 x IO6 .879 x IO6 
3.471 x IO6 

BOOSTER 

558.9 
- 243.9 

53.4 
170.5 

- 2.4 
- 2.0 

- 8.2 
- 8.4 
-1072.6 

ORBITER 

791.4 
- 828.5 

25.6 
533.8 

- 8.4 
- 8.2 
- 9.9 
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The smallest g r o s s  weight a t  l i f t o f f ,  under t h e  ground r u l e s  
f o r  t h e  t r a n s p o r t a t i o n  s y s t e m s ,  r e s u l t s  when the  s t a g e  i s  
des igned  f o r  t h e  c r e w / l o g i s t i c s  mission wi th  t h e  o r b i t e r  
des ign  r e f l e c t i n g  t h e  1500 nm c r o s s  range requirement  of t h e  
USAF. L i f t o f f  g r o s s  weight i s  then 3 . 3  m i l l i o n  pounds wi th  
t h e  o r b i t e r  weighing about  0 . 5  m i l l i o n  pounds and t h e  
b o o s t e r  around 2.8 m i l l i o n .  A system ba lance  f o r  t h i s  con- 
f i g u r a t i o n  i s  shown i n  F igure  B.4. 

A number of t r a n s p o r t a t i o n  system a l t e r n a t i v e s  e x i s t  
wi th  t h i s  concept .  The b a s i c  v e h i c l e  could be des igned  f o r  
t h e  c r e w / l o g i s t i c s  miss ion  and have excess  payload c a p a b i l i t y  
f o r  t h e  USAF cross range miss ion .  Some expendable tankage 
would t h e n  have t o  be added t o  t h e  v e h i c l e  t o  o b t a i n  t h e  neces- 
s a r y  i n c r e a s e  i n  performance f o r  t h e  USAF 00s miss ion .  For 
t h e  NASA cargo  mis s ion ,  t h e  upper s t a g e  i s  removed, and t h e  
necessary  performance i s  ob ta ined  by e i t h e r  adding an expend- 
a b l e  upper s t a g e  o r  t i p  t a n k s  t o  t h e  boos t e r  s t a g e .  

O t h e r  reasonable  t r a n s p o r t a t i o n  system a l t e r n a t i v e s  
t h a t  e x i s t  a r e  based on a v e h i c l e  designed for  t h e  00s mission.  
The r e s u l t i n g  g r o s s  l i f t o f f  weight i s  around 4 . 0  m i l l i o n  
pounds, b u t  t he  v e h i c l e  now has  t h e  c a p a b i l i t y  t o  f l y  t he  c r e w /  
l o g i s t i c s  and c r o s s  range missions a s  w e l l  as t h e  00s miss ion  
wi th  no des ign  changes. The NASA cargo  mis s ion ,  however, would 
s t i l l  r e q u i r e  t h e  removal of t h e  upper s t a g e  f o r  replacement 
with an expendable s t a g e ,  or f o r  t h e  a d d i t i o n  of expendable 
t i p  t a n k s  t o  t h e  boos te r .  

It w a s  i m p r a c t i c a l  t o  des ign  for t h e  cargo  miss ion  
s i n c e  t h i s  n e c e s s i t a t e d  a s t a g e  g ross  weight of almost 6 . 0  
m i l l i o n  pounds and would be g r o s s l y  ove r s i zed  f o r  t h e  remaining 
miss ions .  

This  concept  can be  developed i n  an evo lu t iona ry  
program wi th  t h e  o r b i t e r  being launched by a new low c o s t  ex- 
pendable s t a g e .  With J-2 t ype  performance, t h i s  s t a g e  w i l l  
weigh about  2.0 m i l l i o n  pounds. The v a r i o u s  t r a n s p o r t a t i o n  
systems and t h e i r  r e s p e c t i v e  c h a r a c t e r i s t i c s  a r e  shown i n  
F igure  B.5. 

The s e n s i t i v i t y  of t h i s  c o n f i g u r a t i o n  t o  pa rame t r i c  
change i s  r e l a t i v e l y  h igh .  The payload f o r  t h e  c r e w / l o g i s t i c s  
miss ion  would decrease  over  60  percent  w i t h  a 1 0  p e r c e n t  i n e r t  
weight  growth. A l s o ,  a one pe rcen t  change i n  s p e c i f i c  impulse 
would change t h e  payload by over 20 percen t .  A s i g n i f i c a n t  
des ign  r i s k  would t h e r e f o r e  be incu r red  i f  development of t h i s  
concept  i s  undertaken.  

8 



FIGURE 8.4 

CONFIGURATION 4 

NASA/USAF MISSIONS 

SYSTEM BALANCE - CREW/LOGISTICS MISSION 

BOOSTER - LIFTING BODY 

ORBITER - LIFTING BODY (WITH INTEGRATED CREW/PAYLOAD) 

PAYLOAD (UP - DOWN) 25000 - 25000 

BOOSTER 0 RBI TE R 

ASCENT DELTA V'S 
FRACTION OF BOOST VELOCITY 
SPECIFIC IMPULSE 
STAGE MASS FRACTION 
STAGE GROSS WEIGHT 
LIFT-OFF GROSS WEIGHT 

VEHICLE SENSITIVITIES 

PROPELLANT WEIGHT (LBS PL/%) 
STRUCTURAL WEIGHT (LBS PL/%) 
SEA LEVEL Is (LBS PL/SEC) 
VACUUM Is (LBS PL/SEC) 
ON-ORBIT DELTA V (LBS PL/FPS) 
CROSS-RANGE DELTA V (LBS PL/FPS) 
HOVER DELTA V (LBS PL/FPS) 

TOTAL IMPULSIVE DELTA V (LBS PL/FB) 
LOB-RETRO DELTA V (LBS PL/FPS) 

DE-ORBIT DELTA V (LBS PL/FPS) 
TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

16332 14315 
.5329 .4671 
444.4 459.0 
.8174 .6953 
2.770 x IO6 .514 x IO6 

3.327 x IO6 

BOOSTER 

1721.2 
- 814.2 

143.5 
509.4 

- 17.4 
- 17.8 
-2381 .O 

ORBITER 

1092.4 
-1566.8 

0 
583.0 

- 17.6 
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A sizing curve for this concept is shown in Figure B.6. 

B.1.3. Concept 5 

A single-stage-to-orbit vehicle with a separate 
lifting body crew vehicle comprises concept 5. The payload 
is integrated into the crew vehicle and all the ascent pro- 
pulsion is provided by the booster. When designed for the 
U S A F  cross-range mission, the booster weighs about 3 . 7 5  
million pounds and the crew vehicle about 55000 pounds. A 
system balance for this design is shown on Figure B.7. 

Three transportation systems based on this concept 
appear attractive. They consist of designing the single-stage- 
to-orbit booster for either the 00s mission, the polar orbit 
reconnaissance mission, or the NASA cargo mission. The stage 
cannot be designed for the crew/logistics mission because it 
would then have insufficient performance for the polar orbit 
mission without the use of some expendables. This violates 
the ground rule of all-azimuth launch for that mission. 

When designing for the 00s mission, the booster 
weighs almost 4 . 0  million pounds and has excess payload capa- 
bility for the crew/logistics and reconnaissance missions. 
For the NASA cargo mission, the crew vehicle is removed and 
about 300,000 pounds of tip tanks are added to obtain the de- 
sired payload. The stage, when designed for the reconnaissance 
mission, has excess performance capability for the crew/logistics 
mission. Only about 70 ,000  pounds of tip tanks are needed to 
increase the stage performance'enough to allow the 00s mission 
to be accomplished. For the cargo mission, the crew vehicle is 
once again removed and about 0.5 million pounds of tip tanks 
are needed. 

The evolutionary development program possible 
for this concept is to launch the crew vehicle with existing 
or new expendable stages. If new expendable stages are used, 
two identical 02/H2 stages of about 700,000 pounds each are re- 
quired. These three transportation system alternatives for 
this concept are depicted in Figure B.8. 

The sensitivity of the booster to parametric change 
is shown on Figure B . 7 .  The single-stage-to-orbit booster is 
extremely sensitive to design changes, and either a 10 percent 
increase in inert weight or a one percent decrease in design 
specific impulse would completely eliminate the payload. The 
inert weight increase would a l s o  prevent the booster from 
attaining orbit. This type vehicle also has a high sensitivity 
to ideal velocity changes. 
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FIGURE 8.7 

CONFIGURATION 5 

NASA/USAF MISSIONS 

SYSTEM BALANCE - RECONNAISSANCE 

BOOSTER - SINGLESTAGE-TO-ORBIT BALLISTIC 

ORBITER - (WITH SEPARATE LIFTING BODY CREW VEHICLE) 

PAYLOAD (UP - DOWN) 10000 - 10000 

CREW 
BOOSTER VEHICLE 

ASCENT DELTA V'S 
FRACTION OF BOOST VELOCITY 
SPECIFIC IMPULSE 
STAGE MASS FRACTION 
STAGE GROSS WEIGHT 
LIFT-OFF GROSS WEIGHT 

VEHICLE SENSITIVITIES 

PROPELLANT WEIGHT (LBS PL/%) 
STRUCTURAL WEIGHT (LBS PL/%) 
SEA LEVEL Is (LBS PL/SEC) 
VACUUM Is (LBS PL/SEC) 
ON-ORBIT DELTA V (LBS PL/FPS) 
CROSS-RANGE DELTA V (LBS PL/FPS) 
HOVER DELTA V (LBS PL/FPS) 

TOTAL IMPULSIVE DELTA V (LBS PL/FPS) 
DE-ORBIT DELTA V (LBS PL/FPS) 
TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

LOB-RETRO DELTA V (LBS PL/FPS) 

31 427 
1 .oooo 0 
451.3 459.0 
.9107 .0830 
3.758 x lo6 .055 x lo6 

3.823 x lo6 

BOOSTER 

4502.9 
-3863.0 

90.2 
2368.4 

- 34.9 

- 34.1 
- 29.4 
-3863.0 
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B . 1 . 4  Concept 6 

T h i s  s h u t t l e  a l t e r n a t i v e  i s  b a s i c a l l y  t h e  same a s  
concept  5 with a s e p a r a t e  b a l l i s t i c  c r e w  v e h i c l e  r e p l a c i n g  I 

I t h e  l i f t i n g  body crew v e h i c l e .  The s t a g e ,  designed f o r  
I t h e  c r o s s  range miss ion ,  weighs j u s t  under 5 . 0  m i l l i o n  pounds. 
I The b a l l i s t i c  c r e w  v e h i c l e ,  which must a t t a i n  t h e  1 5 0 0  nm 
I cross range p r o p u l s i v e l y ,  weighs about 76000 pounds. The 

system ba lance  of t h i s  concept  i s  shown i n  F igu re  B.9 .  

Only two t r a n s p o r t a t i o n  system a l t e r n a t i v e s  appear 
reasonable  under t h i s  concept .  The s i n g l e - s t a g e - t o - o r b i t  
boos t e r  can be designed f o r  t h e  reconnaissance miss ion  o r  f o r  
t h e  ca rgo  mission.  I t  cannot  be designed f o r  c r e w / l o g i s t i c s  
o r  t h e  00s mission because expendables o r  some type  of s t a g e  
a d d i t i o n  would then  be necessary  for  t h e  reconnaissance  
miss ion .  This  has  a l r e a d y  been ground r u l e d  a s  unacceptab le .  

When designed f o r  t h e  reconnaissance miss ion ,  the  
v e h i c l e  can be used a s  i s  f o r  both t h e  c r e w / l o g i s t i c s  and 
00s miss ions  wi th  excess  performance c a p a b i l i t y .  About 200 ,000  
pounds of t i p  t a n k s  must be added, after removal of t h e  c r e w  
v e h i c l e ,  t o  a t t a i n  t he  desired payload f o r  t he  cargo  miss ion .  
The b o o s t e r ,  when designed for t h e  cargo  mis s ion ,  w i l l  weigh 
over  5 .1  m i l l i o n  pounds. I t  then  has t h e  l i f t i n g  c a p a c i t y  t o  
perform a l l  t h e  o t h e r  miss ions .  

The only  evo lu t iona ry  development program p o s s i b l e  
wi th  t h i s  concept  i s  a s  wi th  concept 5 - t o  u se  an expendable 
b o o s t e r  t o  l i f t  t h e  c r e w  v e h i c l e .  
s t a g e s  would weigh j u s t  under 1 . 0  m i l l i o n  pounds each. The 
b a l l i s t i c  boos t e r  must be developed i n  an a l l - u p  program. 
t r a n s p o r t a t i o n  systems based on t h i s  concept  are shown i n  
F igure  B . l O .  

Two i d e n t i c a l  new 0 2 / H 2  

The 

The s e n s i t i v i t y  of the  boos te r  t o  paramet r ic  change 
i s  very high.  
i n e r t  weight i n c r e a s e  o r  one percent  decrease i n  s p e c i f i c  i m -  
p u l s e  would completely e l i m i n a t e  t h e  payload and p reven t  t h e  
boos te r  from even reaching  o r b i t .  Thus, s i n g l e - s t a g e - t o - o r b i t  
b o o s t e r s  p r e s e n t  very s i m p l i f i e d  o p e r a t i o n s  and handl ing ,  b u t  
a r e  s i g n i f i c a n t  des ign  r i s k s .  The s t a g e  s e n s i t i v i t i e s  a r e  
shown i n  F igure  B.9. 

As w a s  t h e  case  with concept  5 ,  a 1 0  p e r c e n t  

B . 1 . 5  Concept 8 

This  s h u t t l e  a l t e r n a t i v e  employs a two s t a g e  b a l l i s t i c  
boos t e r  wi th  a s e p a r a t e  b a l l i s t i c  c r e w  v e h i c l e .  To m i n i m i z e  
t h e  number of new developments, t he  .two b o o s t e r  s t a g e s  a r e  made 
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, , FIGURE B.9 

CONFIGURATION 6 

NASA/USAF MISSIONS 

SYSTEM BALANCE - RECONNAISSANCE 

BOOSTER - SI NGLESTAGE-TO-ORBIT BALLISTIC 

ORBITER - (WITH SEPARATE BALLISTIC CREW VEHICLE) 

PAYLOAD (UP - DOWN) 10000 - 10000 

CREW 
BOOSTER -.VEHICLE 

ASCENT DELTA V'S 
FRACTION OF BOOST VELOCITY 
SPECIFIC IMPULSE 
STAGE MASS FRACTION 
STAGE GROSS WEIGHT 
LIFT-OFF GROSS WEIGHT 

31427 
1 .oooo 0 
451.3 459.0 
.9115 .8335 
4.852 x IO6 .076 x lo6 

4.939 x 106 

VEHICLE SENSITIVITIES 

BOOSTER 

PROPELLANT WEIGHT (LBS PL/%) 
STRUCTURAL WEIGHT (LBS PL/%) 
SEA LEVEL Is (LBS PL/SEC) 
VACUUM Is (LBS PL/SEC) 
ON-ORBIT DELTA V (LBS PL/FPS) 
CROSS-RANGE DELTA V (LBS PL/FPS) 
HOVER DELTA V (LBS PL/FPS) 

TOTAL IMPULSIVE DELTA V (LBS PL/FPS) 
LOB-RETRO DELTA V (LBS PL/FPSI 

DE-ORBIT DELTA V (LBS PL/FPS) 
TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

5749.1 
-4884.1 
114.0 
3023.7 

- 44.1 

- 43.6 
- 37.2 
-4884.1 
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This  s h u t t l e  concept i s  i d e n t i c a l  t o  t h e  prev ious  
one w i t h  t h e  replacement of t h e  b a l l i s t i c  crew v e h i c l e  by a 

B-5 

equa l  i n  s i z e  and are t h u s  considered as one new development. 
There w i l l ,  of course ,  be d i f f e r e n c e s  i n  t h e  s t a g e s  b u t  
t h e s e  w i l l  be of a second order e f f e c t .  A system ba lance  
f o r  t h i s  concept ,  designed f o r  t h e  cross range miss ion ,  i s  
shown i n  F igu re  B . l l .  The t w o  boos t e r  s t a g e s  weigh s l i g h t l y  
over 8 0 0 , 0 0 0  pounds each,  wi th  t h e  c r e w  v e h i c l e  weighing 
76000 pounds. The g r o s s  l i f t o f f  weight i s  about  1 . 7  m i l l i o n  
pounds. A s i z i n g  curve f o r  t h i s  concept i s  p resen ted  i n  
F igure  B .12  showing t h a t  almost no g r o s s  l i f t o f f  weight  p e n a l t y  
i s  pa id  i n  des ign ing  f o r  e q u a l  s i z e  s t a g e s  ra ther  t h a n  for 
minimum g r o s s  weight.  This  i s  a s i g n i f i c a n t  f a c t o r  i n  making 
t h i s  concept  a t t r a c t i v e .  

Two t r a n s p o r t a t i o n  systems appear r easonab le  under 
t h i s  concept .  The t w o  s t a g e  boos te r  can be designed t o  l i f t  
t h e  crew-vehicle and payload f o r  t he  p o l a r  o r b i t  reconnaissance  
miss ion ,  or it can be designed t o  lift t h e  necessary  payload 
f o r  t h e  ca rgo  mission.  If designed for  p o l a r  o r b i t ,  it can 
perform t h e  c r e w / l o g i s t i c s  and 00s miss ions  wi thou t  any con- 
f i g u r a t i o n  changes and wi th  excess  payload. About 6 0 0 , 0 0 0  
pound t i p  t anks  are then  added t o  t h e  boos te r  f o r  the cargo  mission.  
I f  t h e  s t a g e  i s  designed for  t h e  cargo miss ion ,  it has excess  
l i f t i n g  c a p a c i t y  for  a l l  t h e  o the r  r e q u i r e d  missions and forms 
a very  s imple  t r a n s p o r t a t i o n  system. 
about 1 . 2 5  m i l l i o n  pounds. 

Each s t a g e  would weigh 

A s  w i t h  concept  6, t h e  only a t t r a c t i v e  evo lu t iona ry  
program which i n c l u d e s  t h e  c rew/ log i s t i c s  system would be t o  
launch t h e  c r e w  v e h i c l e  on e x i s t i n g  or new l o w  cost expendable 
s t a g e s .  The s t a g e s  used would be s imi l a r  t o  t h o s e  desc r ibed  
under concept  6 .  F igure  B.13 shows t h e  t r a n s p o r t a t i o n  systems 
f o r  t h i s  concept.  

This  concept has  a lower s e n s i t i v i t y  t o  pa rame t r i c  
change than  t h e  o t h e r  concepts  d i scussed ,  however, it s t i l l  
p r e s e n t s  a s i g n i f i c a n t  des ign  r i s k .  A 1 0  p e r c e n t  i n e r t  we igh t  
growth w i l l  e l i m i n a t e  t h e  payload b u t  t h e  v e h i c l e  could s t i l l  
reach  o r b i t  f o r  t h e  cross range mission. A one p e r c e n t  reduc- 
t i o n  i n  s p e c i f i c  impulse w i l l  r e s u l t  i n  a 4 5  p e r c e n t  r e d u c t i o n  
i n  payload. A l l  t h e  s i g n i f i c a n t  v e h i c l e  s e n s i t i v i t i e s  are 
shown i n  F igure  B . l l .  
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FIGURE B.ll 

CONFIGURATION 8 

NASA/USAF MISSIONS 

SYSTEM BALANCE - RECONNAISSANCE 

BOOSTER - BALLISTIC 

ORBITER - BALLISTIC (WITH SEPARATE BALLISTIC CREW VEHICLE) 

PAYLOAD (UP - DOWN) 86500 - 0 

BOOSTER ORBITER 

ASCENT DELTA V'S 
FRACTION OF BOOST VELOCITY 
SPECIFIC IMPULSE 
STAGE MASS FRACTION 
STAGE GROSS WEIGHT 
LIFT-OFF GROSS WEIGHT 

721 5 2421 2 
.2296 .7704 
427.3 459.0 
.go34 .9034 
.811 x IO6 -811 x IO6 

1.709 x IO6 

VEHICLE SENSITIVITIES 

BOOSTER ORBITER 

PROPELLANT WEIGHT (LBS PL/%) 
STRUCTURAL WEIGHT (LBS PL/%) 
SEA LEVEL Is (LBS PL/SEC) 
VACUUM Is (LBS PL/SEC) 
ON-ORBIT DELTA V (LBS PL/FPS) 
CROSS-RANGE DELTA V (LBS PL/FPS) 
HOVER DELTA V (LBS PL/FPS) 

TOTAL IMPULSIVE DELTA V (LBS PL/FB) 
LOB-RETRO DELTA V (LBS PL/FPS) 

DE-ORBIT DELTA V (LBS PL/FPS) 
TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

736.2 
- 114.1 
101.7 
126.2 

11 37.0 
- 895.0 

21.3 
728.1 

- 8.3 - 1.6 
(" - 1.3 

- 13.5 
- 7.0 
-1009.3 
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can achieve .  A system ba lance  f o r  t h i s  des ign  i s  shown i n  
F igure  B.14. I t  can be seen t h a t  each s t a g e  would weigh 
j u s t  under 7 0 0 , 0 0 0  pounds. The s i z i n g  curve f o r  t h i s  con- 
c e p t  is  shown i n  F igure  B.15 and i n d i c a t e s  t h e  s m a l l  pena l ty  
p a i d ,  i n  terms of g r o s s  l i f t o f f  weight ,  t o  make t h e s e  s t a g e s  
equa l  s i z e .  

Three t r a n s p o r t a t i o n  system a l t e r n a t i v e s  appear 
r easonab le  fo r  t h i s  concept .  They c o n s i s t  of des ign ing  t h e  
boos te r  f o r  e i t h e r  t h e  c r e w / l o g i s t i c s ,  OOS, o r  cargo  miss ion .  
The s i m p l e s t  system would be t o  des ign  f o r  cargo.  The s t a g e s  
would then  be t h e  same a s  i n  concept 8 and could perform a l l  
the o t h e r  miss ions .  I f  it i s  designed f o r  t h e  00s miss ion ,  
t h e  cargo miss ion  i s  t h e  only  one it could n o t  perform. There- 
f o r e ,  about  325,000 pound t i p  tanks  must be added. I f  designed 
f o r  c r e w / l o g i s t i c s ,  t i p  t a n k s  a r e  added f o r  both t h e  00s and 
cargo  miss ions .  The t i p  t anks  would weigh about 450,000 pounds 
f o r  t h e  00s miss ion  and about  800 ,000  pounds f o r  t h e  cargo 
mission.  

An evo lu t iona ry  development pro9ram would be as wi th  
concept  5; the  c r e w  v e h i c l e  would be launched wi th  e x i s t i n g  o r  
new expendable s t a g e s .  The boos te r  s t a g e s  could be t e s t e d  
by launching a dummy payload p r i o r  t o  o r b i t e r  t e s t i n g .  These 
t r a n s p o r t a t i o n  systems a r e  shown i n  F igu re  B.16. 

The s e n s i t i v i t y  of t h e  s t a g e  t o  pa rame t r i c  des ign  
changes i s  t h e  lowest of t h e  concepts  cons idered .  About 35 
p e r c e n t  of t h e  c r e w / l o g i s t i c s  payload i s  l o s t  when t h e  i n e r t  
weight grows 1 0  pe rcen t .  Only about 15  p e r c e n t  of t h e  payload 
i s  l o s t  i f  t h e  s p e c i f i c  impulse i s  one p e r c e n t  less than  de- 
s i g n .  The v a r i o u s  s e n s i t i v i t i e s  a r e  shown i n  F igure  B.14. 
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FIGURE B.14 

CONFIGURATION 9 

NASA/USAF MISSIONS 

SYSTEM BALANCE - CREW/LOGISTICS MISSION 

BOOSTER - BALLISTIC 

ORBITER - BALLISTIC (WITH SEPARATE LIFTING BODY CREW VEHICLE) 

PAYLOAD (UP - DOWN) 8oooO - 0 

BOOSTER ORBITER 

ASCENT DELTA W'S 
FRACTION OF BOOST VELOCITY 
SPECIFIC IMPULSE 
STAGE MASS FRACTION 
STAGE GROSS WEIGHT B LIFT-OFF GROSS WEIGHT 

7144 23503 
.2331 .7669 
427.0 459.0 
.go19 .go19 
.678 x IO6 .678 x IO6 

1.436 x IO6 

VEHICLE SENSlTlVlTl ES 

ORBITER 

PROPELLANT WEIGHT (LBS PL/%) 
STRUCTURAL WEIGHT (LBS PL/%) 

VACUUM Is (LBS PL/SEC) 
SEA LEVEL Is (LBS PL/SEC) 

ON-ORBIT DELTA V (LBS PL/FPS) 
CROliS-RANGE DELTA V (LBS PL/FPS) 
HOWR DELTA V (LBS PL/FPS) 
LOR-RETRO DELTA V (LBS PL/FPS) 
TOTAL IMPULSIVE DELTA V (LBS PLIFPS) 
DE-ORBIT DELTA V (LBS PL/FPS) 
TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

652.9 
- 100.9 

90.8 
110.8 

- 1.4 
- 1.2 

- 12.0 
- 5.9 
- 860.3 

1006.6 
- 759.8 

18.1 
630.9 

- 7.0 
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B. 2 NASA Onlv Transpor t a t ion  Svstems Summarv 

B.2.1 Concept 1 

This  s ing le - s t age - to -o rb i t  v e h i c l e  has  t h e  c r e w  and 
payload i n t e g r a t e d  i n t o  it. The v e h i c l e  has  a g ross  weight  
of about  3.5 m i l l i o n  pounds when designed f o r  c r e w  l o g i s t i c s .  
For t h e  cargo miss ion ,  about 750,000 pound t i p  tanks  are added 
t o  achieve  t h e  necessary  performance. The stage could n o t  be 
designed f o r  t h e  cargo mission because t h e  stage g ross  weight  
exceeded t h a t  of the Sa tu rn  V and w a s  therefore too heavy. 
This concept  does n o t  lend  i t se l f  t o  an evo lu t iona ry  program, 
b u t  i s  s t i l l  cons idered  due t o  i t s  o p e r a t i o n a l  s i m p l i c i t y .  

This  s t a g e  i s  extremely s e n s i t i v e  t o  i n e r t  weight  
growth, such t h a t  a 1 0  p e r c e n t  change w i l l  e l i m i n a t e  t h e  pay- 
load  and p reven t  t h e  v e h i c l e  from a t t a i n i n g  orbi t .  I n  a d d i t i o n ,  
a one p e r c e n t  change i n  d e l i v e r e d  s p e c i f i c  impulse w i l l  r e s u l t  
i n  a 35 p e r c e n t  change i n  payload. The v e h i c l e  system ba lance  
and s e n s i t i v i t i e s  are shown i n  Figure B.17, whi le  t h e  t r a n s -  
p o r t a t i o n  system i s  shown i n  Figure B.18.  

B.2.2 Concept 3 

The c o n s i d e r a t i o n  of NASA miss ions  only  f o r  t h i s  
concept  reduced i t s  s i z e  by a f a c t o r  of over 3. This i s  
due p r i m a r i l y  t o  t h e  fact  t h a t  t he  o r b i t e r  need only  a t t a i n  
200 nm r a t h e r  t han  1 5 0 0  nm cross range. With a b a l l i s t i c  
vehicle, about 100  nm cross range can be  a t t a i n e d  aero- 
dynamically,  wi th  t h e  remainder r e q u i r i n g  propuls ion .  T h e  
g ross  l i f t o f f  weight  f o r  t h i s  concept i s  about  1 .0  m i l l i o n  
pounds w i t h  t h e  b o o s t e r  weighing about  6 0 0 , 0 0 0  and t h e  o r b i t e r  
about  400 ,000  pounds. The v e l o c i t y  s p l i t  r e s u l t i n g  i n  t h e  
minimum gross  l i f t o f f  weight  dropped from about  41 p e r c e n t  
f o r  t h e  b o o s t e r  t o  about  31 percent .  The system ba lance  i s  
shown i n  F igure  B.19 and t h e  s i z i n g  curve i n  F igure  B.20. 

Three t r a n s p o r t a t i o n  s y s t e m s  appear reasonable  w i t h  
this concept.  One i s  t o  des ign  f o r  t h e  cargo  mission. The 
v e h i c l e  t hen  has excess  payload c a p a b i l i t y  f o r  t h e  c r e w /  
l o g i s t i c s  mission. The gross  l i f t o f f  weight  f o r  t h i s  v e h i c l e  
i s  under 3.0 m i l l i o n  pounds. With t h e  v e h i c l e  designed f o r  
crew/logistics, t h e  cargo mission is  achieved by us ing  e i t h e r  
an expendable b o o s t e r  wi th  the o r b i t e r ,  o r  us ing  t i p  t anks  
wi th  t h e  b o o s t e r  only.  I n  a l l  cases ,  t h e  evo lu t iona ry  develop- 
ment program would have t h e  o r b i t e r  launched wi th  a new l o w  
cost 02/H2 expendable boos te r .  
are shown i n  Figure B. 21. 

These t r a n s p o r t a t i o n  s y s  t e m s  



FIGURE 8.17 

CONFIGURATION 7 

NASA MISSIONS 

SYSTEM BALANCE - CREWlLOGlSTlCS MISSION 

BOOSTE R - SI NG L E-STAG E-TO-OR BI T BALL lSTl C 

ORBITER - (WITH INTEGRATED CREW/PAYLOAD) 

PAYLOAD (UP - DOWN) 25000 - 25000 

BOOSTER 

ASCENT DELTA V'S 
FRACTION OF BOOST VELOCITY 
SPECIFIC IMPULSE /e\ STAGE MASS FRACTION 
STAGE GROSS WEIGHT 
LIFT-OFF GROSS WEIGHT 

30647 
1 .oooo 
451 .I 
.9106 
3.539 x IO6 
3.564 x IO6 

VEHICLE SENSITIVITIES 

BOOSTER 

PROPELLANT WEIGHT (LBS PL/%) 
STRUCTURAL WEIGHT (LBS PL/%) 
SEA LEVEL Is (LBS PL/SEC) 
VACUUM Is (LBS PL/SEC) 
ON-ORBIT DELTA V (LBS PL/FPS) 
CROSS-RANGE DELTA V (LBS PL/FPS) 
HOVER DELTA V (LBS PL/FPS) 

TOTAL IMPULSIVE DELTA V (LBS PL/FPS) 
LOB-RETRO DELTA V (LBS PL/FPS) 

DE-ORBIT DELTA V (LBS PL/FPS) 
TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

3576.4 
-3146.4 

83.4 
1895.9 

- 26.9 
- 26.9 
- 32.2 

- 27.0 
- 27.2 
-3146.4 
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FIGURE B.19 

CONFIGURATION 3 

NASA MISSIONS 

SYSTEM BALANCE - CREW/LOGISTICS MISSION 

BOOSTER - BALLISTIC 

ORBITER - BALLISTIC (WITH INTEGRATED CREW/PAYLOAD) 

PAYLOAD (UP - DOWN) 25000 - 25000 

BOOSTER ORBITER 

ASCENT DELTA V'S 
FRACTION OF BOOST VELOCITY 
SPECIFIC IMPULSE 
STAGE MASS FRACTION 
STAGE GROSS WEIGHT 
LIFT-OFF GROSS WEIGHT 

VEHICLE SENSITIVITIES 

PROPELLANT WEIGHT (LBS PL/%) 
STRUCTURAL WEIGHT (LBS PL/%) 
SEA LEVEL Is (LBS PL/SEC) 
VACUUM Is (LBS PL/SEC) 
ON-ORBIT DELTA V (LBS PL/FPS) 
CROSS-RANGE DELTA V (LBS PL/FPS) 
HOVER DELTA V (LBS PL/FPS) 
LOB-RETRO DELTA V (LBS PL/FPS) 
TOTAL IMPULSIVE DELTA V (LBS PL/FPS) 
DE-ORBIT DELTA V (LBS PL/FPS) 
TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

9559 21088 
.3119 .6881 
434.6 459.0 
.9007 .895 1 
.602 x I O 6  .386 x IO6 

1.013 x IO6 

BOOSTER 

401.2 
-103.1 

45.8 
90.0 

- 1.2 
- 1.0 

- 6.3 
- 6.4 
-488.9 

ORBITER 

516.5 
-385.9 

19.9 
316.0 

- 6.5 
- 6.4 
- 7.6 
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This  concept  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  pa rame t r i c  
changes. A 1 0  p e r c e n t  i n e r t  weight growth w i l l  reduce t h e  
payload by less than 2 5  pe rcen t .  A d d i t i o n a l l y ,  a one p e r c e n t  
change i n  d e l i v e r e d  s p e c i f i c  impulse w i l l  change t h e  payload 
by less than  9 pe rcen t .  Of a l l  t he  concepts  analyzed,  t h i s  i s  
one of  t h e  least  s e n s i t i v e  t o  parametric changes. The s e n s i -  
t i v i t i e s  of  t h i s  v e h i c l e  are shown i n  Figure B . 1 9 .  

B . 2 . 3  Concept 4 

The major d i f f e r e n c e  i n  t h i s  concept des ign  when 
USAF miss ions  are excluded i s  t h a t  a h i g h e r  mass f r a c t i o n  
can be ob ta ined  f o r  t h e  orbiter. L i f t i n g  bodies  a t t a i n  t h e i r  
cross-range aerodynamically,  and t h e  r educ t ion  of  t h i s  r equ i r e -  
ment t o  200 nm s i g n i f i c a n t l y  reduces t h e  thermal  p r o t e c t i o n  
system (TPS) requirements .  This r e s u l t s  i n  a l i g h t e r  stage 
and hence a h i g h e r  m a s s  f r a c t i o n .  The n e t  e f f e c t  i s  a g ross  
l i f t o f f  weight  r educ t ion  of  about 1 0  p e r c e n t  t o  j u s t  over 
3.0 m i l l i o n  pounds. 

The t r a n s p o r t a t i o n  systems t h a t  appear  a t t r ac t ive  
have t h e  basic  v e h i c l e  designed f o r  c rew/ log i s t i c s .  The 
cargo miss ion  i s  then  a t t a i n e d  i n  one of three ways - adding 
t i p  t anks  t o  t h e  booster s t a g e ,  us ing  an expendable f i rs t  
stage w i t h  the o r b i t e r ,  or us ing  an expendable orbi ter  w i t h  
t h e  boos te r .  The most reasonable  method appears  t o  be t h e  
expendable o rb i t e r  w i t h  t h e  s h u t t l e  boos t e r .  I n  a l l  cases, 
t h e  o r b i t e r  is developed f i r s t  i n  an evo lu t iona ry  program by 
launching  it on t o p  of  a l o w  cost expendable boos t e r .  

This des ign  i s  f a i r l y  s e n s i t i v e  t o  pa rame t r i c  changes. 
The payload w i l l  be reduced over 85 p e r c e n t  by an i n e r t  weight  
growth of 10 percent .  
c e n t  i f  t h e  des ign  s p e c i f i c  impulse i s  one p e r c e n t  l o w .  The 
system ba lance  and s e n s i t i v i t i e s  are shown i n  F igure  B . 2 2 ,  a 
s i z i n g  curve i n  Figure B . 2 3 ,  and t h e  t r a n s p o r t a t i o n  systems i n  
F igure  B .24 .  

The payload w i l l  be reduced over  2 0  per- 

B . 2 . 4  Concept 5 

T h i s  concept w a s  reduced i n  weight  by about  1 3  per- 
c e n t  when cons ide r ing  only NASA missions.  The l i f t i n g  body 
crew v e h i c l e  had almost no weight change, b u t  t h e  c r e w / l o g i s t i c s  
des ign  mission w a s  less e n e r g e t i c  than t h e  USAF p o l a r  o r b i t  
mission r e s u l t i n g  i n  t h e  smaller weight .  The system ba lance  
f o r  t h i s  v e h i c l e  i s  shown i n  Figure B .25 .  



FIGURE 8.22 

CONFIGURATION 4 

NASA MISSIONS 

SYSTEM BALANCE - CREW/LOGISTICS MISSION 

BOOSTER -LIFTING BODY 

ORBITER - LIFTING BODY (WITH INTEGRATED CREW/PAYLOAD) 

PAYLOAD (UP - DOWN) 25000 - 25000 

ASCENT DELTA v3 
FRACTION OF BOOST VELOCITY 
SPEC1 FIC IMPULSE 
STAGE MASS FRACTION 
STAGE GROSS WEIGHT 
LIFT-OFF GROSS WEIGHT 

VEHICLE SENSITIVITIES 

PROPELLANT WEIGHT (LBS PL/%) 
STRUCTURAL WEIGHT (LBS PL/%) 
SEA LEVEL Is (LBS PL/SEC) 
VACUUM Is (LBS PL/SEC) 
ON-ORBIT DELTA V (LBS PL/FPS) 
CROSS-RANGE DELTA V (LBS PL/FPS) 
HOVER DELTA V (LBS PL/FPS) 
LOB-RETRO DELTA V (LBS PL/FPSI 
TOTAL IMPULSIVE DELTA V (LBS PL/FPS) 
DE-ORBIT DELTA V (LBS PL/FPS) 
TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

15379 15268 
.5018 .4982 
443.6 459.0 
.8117 .7180 
2.474 x IO6 .547 x IO6 

3.046 x IO6 

BOOSTER 

1566.6 
- 699.9 

134.8 
445.0 

- 16.4 
- 16.7 
-2190.7 

1055.8 
-1491.3 

0 

583.5 
- 16.6 
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FIGURE 8.25 

CONFIGURATION 5 

NASA MISSIONS 

SYSTEM BALANCE - CREWlLOGlSTlCS MISSION 

BOOSTER - SINGLE-STAGE-TO-ORBIT BALLISTIC 

ORBITER - (WITH SEPARATE LIFTING BODY CREW VEHICLE) 

PAY LOAD (UP - DOWN) 25000 - 25000 

CREW 
BOOSTER --VEHICLE 

ASCENT DELTA V'S 
FRACTION OF BOOST VELOCITY 
SPECIFIC IMPULSE 
STAGE MASS FRACTION 
STAGE GROSS WEIGHT 
LIFT-OFF GROSS WEIGHT 

30647 
1 .oooo 0 
451 .I 459.0 
.9104 .1214 
3.367 x lo6 .055 x IO6 

3.447 x lo6 

VEHICLE SENSlTlVlTl ES 

BOOSTER 

PROPELLANT WEIGHT (LBS PL/%) 
STRUCTURAL WEIGHT (LBS PL/%) 
SEA LEVEL Is (LBS PL/SEC) 
VACUUM Is (LBS PL/SEC) 
ON-ORBIT DELTA V (LBS PL/FPS) 
CROSS-RANGE DELTA V (LBS PL/FPS) 
HOVER DELTA V (LBS PL/FPS) 

TOTAL IMPULSIVE DELTA V (LBS PL/FPS) 

TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

LOB-RETRO DELTA V (LBS PL/FPS) 

DE-ORBIT DELTA V (LBS PL/FPS) 

4230.5 
-3434.0 

80.7 
2183.9 

- 31.2 

- 32.3 
- 26.3 
-3434.0 
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B-9 

Two t r a n s p o r t a t i o n  systems seem m o s t  r easonable  w i t h  
t h i s  concept.  I n  both cases, t h e  s t a g e  i s  designed f o r  t h e  
c r e w / l o g i s t i c s  mission and t h e  cargo mission i s  accomplished 
by e i ther  us ing  t i p  tanks  o r  an expendable upper s t a g e .  The 
s t a g e  designed f o r  t h e  cargo mission seemed i m p r a c t i c a l  when 
cons ide r ing  j u s t  NASA missions.  T h e  s t a g e  would be g r e a t l y  
over-designed f o r  t h e  c rew/ log i s t i c s  mission. The c r e w  
v e h i c l e  could be developed i n  an evo lu t iona ry  program u s i n g  
t w o  i d e n t i c a l  02/H2 expendable s t a g e s  as t h e  launch v e h i c l e .  
One of  t h e s e  s t a g e s  could be used as t h e  upper s t a g e  f o r  cargo  
and a payload o f  <about 2 0 0 , 0 0 0  pounds would r e s u l t .  These 
t r a n s p o r t a t i o n  systems are shown i n  F igure  B . 2 6 .  

This v e h i c l e  i s  s t i l l  very s e n s i t i v e  t o  pa rame t r i c  
changes wi th  t h e  v e h i c l e  unable to  reach o r b i t  i f  a 1 0  p e r c e n t  
i n e r t  weight  growth occurs .  T h e  payload would a lso be re- 
duced by over 40 pe rcen t  i f  t h e  design s p e c i f i c  impulse i s  l o w  
by one pe rcen t .  The v e h i c l e  s e n s i t i v i t i e s  are shown i n  
F igure  B . 2 5 .  

B . 2 . 5  ConceDt 6 

The s ing le - s t age - to -o rb i t  b o o s t e r  of this concept  
has about  a 50 p e r c e n t  r educ t ion  i n  g ross  weight  when 
e l i m i n a t i n g  USAF missions.  This i s  p r i m a r i l y  due t o  t h e  
l a r g e  weight  reduct ion  of  the b a l l i s t i c  crew vehicle and 
t h e  less e n e r g e t i c  des ign  o r b i t .  The gross l i f t o f f  weight  
i s  s l i g h t l y  over  2.5 m i l l i o n  pounds. The b a l l i s t i c  c r e w  
v e h i c l e  s i z e  i s  reduced t o  33 ,000  pounds. The system ba lance  
i s  shown i n  Figure B . 2 7 .  

Two t r a n s p o r t a t i o n  systems appear  a t t r a c t i v e  w i t h  
this concept.  
t i c s  miss ion ,  and t h e  cargo mission i s  accomplished by e i t h e r  
adding t i p  tanks  or  an expendable upper s t a g e .  
upper s t a g e  can be one o f  t h e  two used i n  a p r e c u r s o r  program 
t o  develop the crew vehicle. The r e s u l t i n g  payload for t h e  
cargo  mission would be about  1 6 0 , 0 0 0  pounds. These t r a n s -  
p o r t a t i o n  systems are dep ic t ed  i n  F igure  B . 2 8 .  

The v e h i c l e  i s  designed f o r  t h e  c r e w  l o g i s -  

This expendable 

A s  wi th  concept 5 ,  the s e n s i t i v i t y  of t h i s  v e h i c l e  
t o  pa rame t r i c  change i s  high. The v e h i c l e  cannot  a t t a i n  o r b i t  
i f  i t  i n c u r s  a 1 0  pe rcen t  i n e r t  weight  growth. Add i t iona l ly ,  
t h e  payload would be reduced over 30 p e r c e n t  by a one p e r c e n t  
s p e c i f i c  impulse reduct ion .  These s e n s i t i v i t i e s  are shown i n  
F igu re  B . 2 7 .  
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FIGURE 6.27 

CONFIGURATION 6 

NASA MISSIONS 

SYSTEM BALANCE - CREW/LOGISTICS MISSION 

BOOSTER - SI NGLE-STAGE-TO-ORBIT BALLISTIC 

ORBITER - (SEPARATE BALLISTIC CREW VEHICLE) 

PAYLOAD (UP - DOWN) 25000 - 25000 

, 1  

CREW 
BOOSTER -VEHICLE - 

ASCENT DELTA V'S 
FRACTION OF BOOST VELOCITY 
SPECIFIC IMPULSE 
STAGE MASS FRACTION 
STAGE GROSS WEIGHT 
LIFT-OFF GROSS WEIGHT 

30647 
1 .Ooo 0 
451.1 459.0 
.9095 .6524 
2.598 x lo6 .033 x lo6 

2.657 x lo6 

L 

VEHICLE SENSITIVITIES 

BOOSTER 

PROPELLANT WEIGHT (LBS PL/%) 
STRUCTURAL WEIGHT (LBS PL/%) 
SEA LEVEL Is (LBS PL/SEC) 
VACUUM Is (LBS PL/SEC) 
ON-ORBIT DELTA V (LBS PL/FPS) 
CROSS-RANGE DELTA V (LBS PL/FPS) 
HOVER DELTA V (LBS PL/FPS) 
LOB-RETRO DELTA V (LBS PL/FPS) 
TOTAL IMPULSIVE DELTA V (LBS PL/FPS) 
DE-ORBIT DELTA V (LBS PL/FPS) 
TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

3260.9 
-2676.3 

62.9 
1683.4 

- 24.3 

- 24.9 
- 20.5 
-2676.3 
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B- 10 

B . 2 . 6  Concept 8 

T h i s  concept  has  a 35 pe rcen t  weight  r educ t ion  upon 
e l i m i n a t i o n  of t h e  USAF miss ions .  Again, t h i s  w a s  p r i m a r i l y  
due t o  the reduc t ion  i n  s i z e  of  the b a l l i s t i c  c r e w  v e h i c l e  and 
t h e  l o w e r  energy des ign  mission.  The g ross  l i f t o f f  weight  f o r  
t h i s  concept  i s  j u s t  ove r  1 .0  m i l l i o n  pounds, w i th  each s t a g e  
weighing 514 ,000  pounds. T h e  system ba lance  f o r  t h i s  concept 
i s  shown i n  F igure  B.29 .  The s i z i n g  curve ,  F igure  B . 3 0 ,  shows 
the s m a l l  weight  pena l ty  t h a t  must be pa id  t o  des ign  equa l  
s i z e  stages r a t h e r  t han  f o r  minimum gross  weight.  

The  t r a n s p o r t a t i o n  system t h a t  appears  m o s t  r easonable  
w i t h  t h i s  concept has  t h e  v e h i c l e  designed f o r  t h e  cargo  m i s -  
s i o n .  I t  then  i s  capable  of  performing t h e  crew/logistics m i s -  
s i o n  w i t h  excess  payload c a p a b i l i t y .  I f  des igned  for  crew/ 
l o g i s t i c s ,  t he  cargo  mission i s  a t t a i n e d  by adding t i p  tanks 
o r  a new expendable b o o s t e r  t o  t h e  conf igu ra t ion .  About one 
m i l l i o n  pound t i p  tanks  are requi red  o r  a new stage weighing 
almost 1 . 7  m i l l i o n  pounds. The p recu r so r  development program 
f o r  t h e  c r e w  vehicle i s  as descr ibed  i n  concept  6 .  The va r ious  
t r a n s p o r t a t i o n  systems are shown i n  F igu re  B.31 .  

T h i s  concept  has  t h e  lowest  s e n s i t i v i t y ,  of  those  
compared, t o  pa rame t r i c  change. A 1 0  p e r c e n t  i n e r t  weight  
i n c r e a s e  w i l l  r e s u l t  i n  about  a 15  p e r c e n t  payload r e d u c t i o n ,  
w h i l e  a one p e r c e n t  r educ t ion  i n  s p e c i f i c  impulse w i l l  cause 
about  a 1 2  p e r c e n t  r educ t ion  i n  payload. These v e h i c l e  
s e n s i t i v i t i e s  are shown i n  Figure B.29.  

B . 2 . 7  Concept 9 

This concept  showed almost no change a f t e r  e l imina-  
t i o n  of  t h e  U S A F  miss ions .  The s e p a r a t e  l i f t i n g  body crew 
v e h i c l e  had only a s m a l l  decrease i n  s i z e  due t o  t h e  b e t t e r  
mass f r a c t i o n  f o r  t h e  l o w  cross range v e h i c l e .  The s m a l l  
p ropu l s ion  requirement  f o r  t h e  crew v e h i c l e ,  and t h e  same de- 
s i g n  mission are t h e  reasons  f o r  the almost i d e n t i c a l  s i z e  of 
t h e  s t a g e s  both w i t h  and wi thout  U S A F  mission requirements .  
The system ba lance  for  this concept and the  vehicle s e n s i t i v -  
i t i e s  are shown on Figure  B . 3 2  and can be seen t o  be almost 
i d e n t i c a l  t o  those  shown on Figure B.14. A s i z i n g  curve i s  
shown i n  Figure B . 3 3 .  

Three t r a n s p o r t a t i o n  system a l t e r n a t i v e s  f o r  t h i s  
concept  are shown i n  F igure  B.34.  Two c o n s i s t  of des igning  
the v e h i c l e  f o r  c r e w / l o g i s t i c s  and then  adding e i t h e r  t i p  t a n k s  
o r  an expendable lower s t a g e  f o r  t h e  cargo mission.  The o t h e r  
system i s  t o  des ign  f o r  cargo  and have excess  payload c a p a b i l i t y  
f o r  c r e w / l o g i s t i c s .  The evolu t ionary  development program i s  
t h e  same as desc r ibed  f o r  concept 5. 



FIGURE 8.29 

CONFIGURATION 8 

NASA MISSIONS 

SYSTEM BALANCE - CREW/LOGISTICS MISSION 

BOOSTER - BALLISTIC 

ORBITER - BALLISTIC (WITH SEPARATE BALLISTIC CREW VEHICLE) 

PAYLOAD (UP - DOWN) 58500 - 0 

BOOSTER ORBITER 

ASCENT DELTA V'S 
FRACTION OF BOOST VELOCITY 
SPECIFIC IMPULSE 
STAGE MASS FRACTION 
STAGE GROSS WEIGHT 
LIFT-OFF GROSS WEIGHT 

7119 23528 
.2324 .7676 
426.9 459.0 
.8993 .8993 
514 x lo6 514 x IO6 

1.087 x lo6 

VEHICLE SENSITIVITIES 

BOOSTER ORBITER 

PROPELLANT WEIGHT (LBS PL/%) 
STRUCTURAL WEIGHT (LBS PL/%) 
SEA LEVEL Is (LBS PL/SEC) 
VACUUM Is (LBS PL/SEC) 
ON-ORBIT DELTA V (LBS PL/FPS) 
CROSS-RANGE DELTA V (LBS PL/FPS) 
HOVER DELTA V (LBS PL/FPS) 

TOTAL IMPULSIVE DELTA V (LBS PL/FPS) 
DE-ORBIT DELTA V (LBS PL/FPS) 
TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

LOB-RETRO DELTA V (LBS PL/FPS) 

490.7 
- 77.9 
68.4 
83.3 

763.2 
-592.1 
14.3 
476.7 

- 1.0 - 5.5 
- .9 

- 9.1 
- 4.6 
-669.9 
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FIGURE 8.32 

CONFIGURATION 9 

NASA MISSIONS 

SYSTEM BALANCE - CREW/LOGISTICS MISSION 

BOOSTER - BALLISTIC 

ORBITER - BALLISTIC (WITH SEPARATE LIFTING BODY CREW VEHICLE) 

PAYLOAD (UP - DOWN) 80,000 - 0 

BOOSTER ORBITER 

ASCENT DELTA V’S 
FRACTION OF BOOST VELOCITY 
SPECIFIC IMPULSE 
STAGE MASS FRACTION 
STAGE GROSS WEIGHT 
LIFT-OFF GROSS WEIGHT 

VEHICLE SENSITIVITIES 

PROPELLANT WEIGHT (LBS PL/%) 
STRUCTURAL WEIGHT (LBS PL/%) 
SEA LEVEL Is (LBS PL/SEC) 
VACUUM Is (LBS PL/SECI 
ON-ORBIT DELTA V (LBS PL/FPSI 
CROSS-RANGE DELTA V (LBS PL/FPS) 
HOVER DELTA V (LBS PL/FPS) 
LOB-RETRO DELTA V (LBS PL/FPS) 
TOTAL IMPULSIVE DELTA V (LBS PL/FPS) 
DE-ORBIT DELTA V (LBS PL/FPS) 
TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

7144 23503 
.2331 .7669 
427.0 459.0 
.w19 .go19 
.677 x lo6 .677 x lo6 

1.433 x lo6 

BOOSTER 

651.4 
-100.7 
90.6 
110.5 

- 1.4 
- 1.2 

- 12.0 
- 5.9 
-850.0 

ORBITER 

1004.3 
- 759.7 

18.1 
629.5 

- 7.0 
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BELLCOMM, INC. 

APPENDIX C 

SYSTEM SUMMARY - ELIMINATED CONCEPTS 

C.l NASA/USAF Missions 

C.2 NASA Only Missions 



FIGURE C.1 

CONFIGURATION 2 

NASA/USAF MISSIONS 

SYSTEM BALANCE - CREW/LOGISTICS MISSION 

BOOSTER - BALLISTIC 

ORBITER - LIFTING BODY (WITH INTEGRATED CREW/PAYLOAD) 

PAYLOAD (UP - DOWN) 10000 - loo00 

BOOSTER ORBITER 

ASCENT DELTA V S  
FRACTION OF BOOST VELOCITY 
SPECIFIC IMPULSE 
STAGE MASS FRACTION 
STAGE GROSS WEIGHT 
LIFT-OFF GROSS WEIGHT 

VEHICLE SENSITIVITIES 

PROPELLANT WEIGHT (LBS PL/%) 
STRUCTURAL WEIGHT (LBS PL/%) 
SEA LEVEL Is (LBS PL/SEC) 
VACUUM Is (LBS PL/SEC) 
ON-ORBIT DELTA V (LBS PL/FPS) 
CROSS-RANGE DELTA V (LBS PL/FPS) 
HOVER DELTA V ( L E  PL/FPS) 
LOB-RETRO DELTA V (LBS PL/FPS) 
TOTAL IMPULSIVE DELTA V ( L E  PL/FPS) 
DE-ORBIT DELTA V (LBS PL/FPS) 
TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

12596 18831 
.4008 .5492 
440.3 459.0 
.9098 .7538 
2.747 x lo6 1.068 x 106 

3.775 x 106 

BOOSTER ORBITER 

1562.4 1816.0 
- 640.8 -2461.2 

150.9 / 0 
(461.8 980.3 

I 

i - 23.1 

- 6.5 
- 5.4 

- 22.7 
- 23.3 
-31 02.2 



FIGURE C.2 

CONFIGURATION 7 

NASA/USAF MISSIONS 

SYSTEM BALANCE - CREW/LOGISTICS MISSION 

BOOSTER - LIFTING BODY (TWO STRAP-ON STAGES 

ORBITER - BALLISTIC (WITH INTEGRATED CREWIPAILOAD) 
STAGES) 

PAYLOAD (UP - DOWN) 1oooo-1oooo 

ASCENT DELTA V'S 
FRACTION OF BOOST VELOCITY 
SPECIFIC IMPULSE 
STAGE MASS FRACTION 
STAGE GROSS WEIGHT 
LIFT-OFF GROSS WEIGHT 

VEHICLE SENSITIVITIES 

PROPELLANT WEIGHT (LBS PL/%) 
STRUCTURAL WEIGHT (LBS PL/%) 
SEA LEVEL Is (LBS PL/SEC) 
VACUUM Is (LBS PL/SEC) 
ON-ORBIT DELTA V (LBS PL/FPS) 
CROSS-RANGE DELTA V (LBS PL/FPS) 
HOVER DELTA V (LBS PL/FPS) 
LOB-RETRO DELTA V ILBS PL/FPS) 
TOTAL IMPULSIVE DELTA V (LBS PL/FPSI 
DE-ORBIT DELTA V (LBS PL/FPS) 
TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

BOOSTER ORBITER 

14541 16886 
.4627 .5373 
442.7 459.0 
.7747 .8996 

(2) 1.337 x lo6 .555 x lo6 
3.240 x lo6 

BOOSTER 

562.6 
-288.6 

49.9 
154.0 

ORBITER 

546.2 
-540.2 

9.6 
376.6 
- 6.1 
- 6.1 
- 7.4 

- 6.1 
- 6.2 
-829.1 



FIGURE C.3 

CONFIGURATION 10 

NASA/USAF MISSIONS 

SYSTEM BALANCE - CREW/LOGISTICS MISSION 

BOOSTER - LIFTING BODY 

ORBITER - LIFTING BODY (WITH SEPARATE LIFTING BODY CREW VEHICLE) 

PAYLOAD (UP - DOWN) MOO0 - 0 

BOOSTER ORBITER 

ASCENT DELTA V'S 
FRACTION OF BOOST VELOCITY 
SPEC1 FIC IMPULSE 
STAGE MASS FRACTION 
STAGE GROSS WEIGHT 
LIFT-OFF GROSS WEIGHT 

VEHICLE SENSITIVITIES 

PROPELLANT WEIGHT (LBS PL/%) 
STRUCTURAL WEIGHT (LBS PL/%) 
SEA LEVEL Is (LBS PL/SEC) 
VACUUM Is (LBS PL/SECI 
ON-ORBIT DELTA V (LBS PL/FPSI 
CROSS-RANGE DELTA V (LBS PLlFPSI 
HOVER DELTA V (LBS PL/FPS) 
LOB-RETRO DELTA V (LBS PL/FPS) 
TOTAL IMPULSIVE DELTA V (LBS PL/FPS) 
DE-ORBIT DELTA V (LBS PL/FPSI 
TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

7247 241 80 
.2306 .7694 
427.4 459.0 
,8267 .8267 
3.338 x IO6 3.338 x IO6 

6.740 x IO6 

BOOSTER 

2907.5 
- 422.0 
404.1 
474.7 

- 50.9 
- 47.0 
-6437.8 

ORBITER 

4167.8 
-6016.4 

0 
2772.6 



FIGURE C.4 

CONFIGURATION 11 

NASA/USAF MISSIONS 

SYSTEM BALANCE - CREW/LOGISTICS MISSION 

BOOSTER - LIFTING BODY 

ORBITER - LIFTING BODY (WITH SEPARATE BALLISTIC CREW VEHICLE) 

PAYLOAD (UP - DOWN) 86500 - 0 

BOOSTER ORBITER 

ASCENT DELTA V'S 
FRACTION OF BOOST VELOCITY 
SPECIFIC IMPULSE 
STAGE MASS FRACTION 
STAGE GROSS WEIGHT 
LIFT-OFF GROSS WEIGHT 

7267 241 60 
.2312 .7688 
427.5 459.0 
.a02 .8302 
3.600 x lo6 3.600 x lo6 

-7.287 x lo6 

VEHICLE SENSlTlVlTl ES 

PROPELLANT WEIGHT (LBS PL/%) 
STRUCTURAL WEIGHT (LBS PL/%) 
SEA LEVEL Is (LBS PL/SEC) 
VACUUM Is (LBS PL/SEC) 
ON-ORBIT DELTA V (LBS PL/FPS) 
CROSS-RANGE DELTA V (LBS PL/FPS) 
HOVER DELTA V (LBS PL/FPS) 

TOTAL IMPULSIVE DELTA V (LBS PL/FB) 
DE-ORBIT DELTA V (LBS PL/FPS) 
TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

LOB-RETRO DELTA V (LBS PL/FPS) 

BOOSTER 

3160.5 
- 448.7 
438.5 
517.3 

- 55.2 
- 49.7 
-6805.9 

ORBITER 

4506.6 
-6357.0 

0 
3004.5 



FIGURE C.5 

CONFIGURATION 2 

NASA MISSIONS 

SYSTEM BALANCE - CREW/LOGISTICS MISSION 

BOOSTER - BALLISTIC 

ORBITER - LIFTING BODY (WITH INTEGRATED CREW/PAYLOAD) 

PAYLOAD (UP - DOWN) 25000 - 25000 

BOOSTER ORBITER 

ASCENT DELTA V'S 
FRACTION OF BOOST VELOCITY 
SPECIFIC IMPULSE 
STAGE MASS FRACTION 
STAGE GROSS WEIGHT 
LIFT-OFF GROSS WEIGHT 

11692 18955 
.3815 .6185 
43889 459.0 
.go90 .7710 
2.204 x IO6 .983 x IO6 

3.212 x IO6 

VEHICLE SENSITIVITIES 

PROPELLANT WEIGHT (LBS PL/%) 
STRUCTURAL WEIGHT (LBS PL/%) 
SEA LEVEL Is (LBS PL/SEC) 
VACUUM Is (LBS PL/SEC) 
ON-ORBIT DELTA V (LBS PL/FPS) 
CROSS-RANGE DELTA V (LBS PL/FPS) 
HOVER DELTA V (LBS PL/FPS) 
LOB-RETRO DELTA V (LBS PL/FPS) 
TOTAL IMPULSIVE DELTA V (LBS PL/FPS) 
DE-ORBIT DELTA V (LBS PL/FPS) 
TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

BOOSTER 

1477.1 
- 517.8 
148.7 
401.7 

- 5.4 
- 4.5 

- 21.6 
- 22.2 
-2728.9 

ORBITER 

1678.3 
-221 1 .o 

0 
945.7 

- 22.0 



FIGURE C.6 

CONFIGURATION 7 

NASA MISSIONS 

SYSTEM BALANCE - CREW/LOGISTICS MISSION 

BOOSTER - LIFTING BODY (2 STRAP-ON STAGES) 

ORBITER - BALLISTIC (WITH INTEGRATED CREW/PAYLOAD) 

PAYLOAD (UP - DOWN) 25000 - 25000 

BOOSTER ORBITER 

I ASCENT DELTA V'S 
FRACTION OF BOOST VELOCITY 
SPECIFIC IMPULSE 
STAGE MASS FRACTION 
STAGE GROSS WEIGHT 
LIFT-OFF GROSS WEIGHT 

VEHICLE SENSITIVITIES 

PROPELLANT WEIGHT (LBS P.L/%) 
STRUCTURAL WEIGHT (LBS PL/%) 
SEA LEVEL Is (LBS PL/SEC) 
VACUUM Is (LBS PL/SEC) 
ON-ORBIT DELTA V (LBS PL/FPS) 
CROSS-RANGE DELTA V (LBS PL/FPS) 
HOVER DELTA V (LBS PLIFPS) 
LOB-RETRO DELTA V (LBS PL/FPS) 
TOTAL IMPULSIVE DELTA V (LBS PL/FPS) 
DE-ORBIT DELTA V (LBS PL/FPS) 
TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

7686 22961 
.2508 .7492 
429.1 459.0 
.6796 .8985 

(2) .443x IO6 .500 x IO6 
1.412 x IO6 

BOOSTER 

421.8 
-147.7 
56.1 
72.5 

- 7.1 
- 7.2 
-637.5 

ORBITER 

645.5 
-490.0 
22.1 
383.1 

- 7.1 
- 7.1 
- 8.6 



FIGURE C.7 

CONFIGURATION 10 

NASA MISSIONS 

SYSTEM BALANCE - CREW/LOGISTICS MISSION 

BOOSTER - LIFTING BODY 

ORBITER - LIFTING BODY (WITH SEPARATE LIFTING BODY CREW VEHICLE) 

PAYLOAD (UP - DOWN) 80000 - 0 

BOOSTER ORBITER 

I ASCENT DELTA V'S 

FRACTION OF BOOST VELOCITY 
SPECIFIC IMPULSE 
STAGE MASS FRACTION 
STAGE GROSS WEIGHT 
LIFT-OFF GROSS WEIGHT 

VEHICLE SENSITIVITIES 

PROPELLANT WEIGHT (LBS PL/%) 
STRUCTURAL WEIGHT (LBS PL/%) 
SEA LEVEL Is (LBS PL/SEC) 
VACUUM Is (LBS PL/SEC) 
ON-ORBIT DELTA V (LBS PL/FPS) 
CROSS-RANGE DELTA V (LBS PL/FPS) 
HOVER DELTA V (LBS PL/FPS) 
LOB-RETRO DELTA V (LBS PL/FPS) 
TOTAL IMPULSIVE DELTA V (LBS PL/FPS) 
DE-ORBIT DELTA V (LBS PL/FPS) 
TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

71 64 23483 
.2338 .7662 
427.1 459.0 
.8227 .8227 
3.074 x IO6 3.074 x lo6 

6.228 x lo6 

BOOSTER 

2824.0 
- 415.2 
395.7 
456.4 

ORBITER 

4058.9 
-5670.0 

0 
2638.2 

- 49.9 
- 44.8 
-6085.9 



FIGURE C.8 

CONFIGURATION 11 

NASA MISSIONS 

SYSTEM BALANCE - CREW/LOGISTICS MISSION 

BOOSTER - LIFTING BODY 

ORBITER - LIFTING BODY (WITH SEPARATE BALLISTIC CREW VEHICLE) 
~ 

PAYLOAD (UP - DOWN) 58500 - 0 

ASCENT DELTA V'S 
FRACTION OF BOOST VELOCITY 
SPEC1 FIC IMPULSE 
STAGE MASS FRACTION 
STAGE GROSS WEIGHT 
LIFT-OFF GROSS WEIGHT 

VEHICLE SENSITIVITIES 

PROPELLANT WEIGHT (LBS PL/%) 
STRUCTURAL WEIGHT (LBS PL/%) 
SEA LEVEL Is (LBS PL/SEC) 
VACUUM Is (LBS PL/SEC) 
ON-ORBIT DELTA V (LBS PL/FPS) 
CROSS-RANGE DELTA V (LBS PL/FPS) 
HOVER DELTA V (LBS PL/FPS) 
LOB-RETRO DELTA V (LBS PL/FPSI 
TOTAL IMPULSIVE DELTA V (LBS PL/FPS) 
DE-ORBIT DELTA V (LBS PL/FPS) 
TOTAL VEHICLE STRUCTURAL WEIGHT (LBS PL/%) 

BOOSTER ORBITER 

7143 23504 
.2331 .7669 
427.0 459.0 
.8188 .8188 
2.841 x IO6 2.841 x IO6 

5.742 x lo6 

BOOSTER 

2587.4 
- 389.4 
363.3 
417.1 

- 45.8 
- 42.2 
-5746.4 

ORBITER . 

3740.7 
-5356.4 

0 

2426.2 



APPENDIX D 

INTRODUCTION 

The fol lowing addresses  t h r e e  i s s u e s  a s s o c i a t e d  wi th  

The 
b a l l i s t i c  recoverable  v e h i c l e s  i n  gene ra l  , b u t  i n  t h i s  i n s t a n c e  
only t h e  t w o  equal  stage conf igu ra t ions  w i l l  be  analysed.  
i s s u e s  are; 

1. Non-equality of  s t a g e s  

2. Design s ta te  of  t h e  a r t  

3 .  Ascent v e l o c i t y  requirement 

The purpose he re  i s  t o  a s s e s s  the s e n s i t i v i t y  o f  t h e  
r e s u l t s  p e r t a i n i n g  t o  t h i s  conf igu ra t ion  o p t i o n  p resen ted  
elsewhere i n  t h i s  r e p o r t ,  t o  errors o r  va r i ance  i n  t h e  three 
i s s u e  areas. Of cour se  t h e  combined e f f e c t s  are der ived .  

NON-EQUALITY OF STAGES 

I n  t h e  body of t h e  r e p o r t  t h e  two s t a g e s  are t r e a t e d  
as be ing  i d e n t i c a l  f o r  purposes of a n a l y s i s .  That  i s ,  t h e  
c o r r e l a t i o n  shown on Figure  2 . 2  (mass f r a c t i o n  ve r sus  s t a g e  
g ross  weight)  w a s  used f o r  bo th  the f i r s t  and second s t a g e s .  
Because of t h i s  a p e n a l t y  of 5% was a s ses sed  a g a i n s t  the 
s t a g e s  t o  allow f o r  p e n a l t i e s  due t o  commonality. Such 
p e n a l t i e s  are imposed as fol lows:  

1. 

2. 

Using t h e  equat ion  shown on Figure  2 . 2 ,  
f o r  a given g ross  weight ,  establish t h e  
m a s s  f r a c t i o n  

A = g(GW) . 
E s t a b l i s h  t h e  s t r u c t u r a l  weight and t h e  
p r o p e l l a n t  weight  

PW = A(GW) . 
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3 .  

4.  

5. 

Maintain t h e  p r o p e l l a n t  weight  c o n s t a n t  
and a d j u s t  t h e  s t r u c t u r a l  weight  by t h e  
f a c t o r  f t o  o b t a i n  a modified s t r u c t u r a l  
weight  

SW' = f(1-A) (GW) . 
Compute t h e  new gross  weight ,  

GW' = SW' + PW 

= f(1-A) (GW) + X(GW) 

= (GW) (f-fX+A) . 
Compute t h e  new m a s s  f r a c t i o n ,  

PW X 
GW' f-fX+A 

A '  = - = 

The s i z i n g  computer program uses  t h i s  method to  
e s t a b l i s h  a new c o r r e l a t i o n  of mass f r a c t i o n  vs. gross weight  
and then r e s i z e s  t h e  v e h i c l e  t o  meet t h e  payload and v e l o c i t y  
requirement.  

I n  t h e  fo l lowing  a n a l y s i s  independent va lues  of f 
w i l l  be e s t ima ted  f o r  t h e  f i r s t  s t a g e  and f o r  t h e  second 
s t a g e ,  thus  recogniz ing  t h e  d i s t i n c t i o n s  between them. The 
X c o r r e l a t i o n  given on Figure 2 .2  r e p r e s e n t s  t h e  family of  
recoverable  s i n g l e  s t age - to -o rb i t  v e h i c l e s  and impl i e s  no 
i n t e r s t a g e  weight ,  an i n i t i a l  t h r u s t  t o  weight  r a t i o  of 
about  1.25 and an o r b i t a l  r een t ry  and s o f t  v e r t i c a l  l anding .  
Such cond i t ions  apply p rope r ly  t o  t h e  second s t a g e  rather 
than  the first; although a t h r u s t  t o  weight  r a t i o  of  1.25 
might be a b i t  h i g h ,  it i s  c lose  enough f o r  ou r  purposes here. 
Consequently an f o f  1 . 0  w i l l  be used for  t h e  second s t age .  
The  f i r s t  s t a g e  has  somewhat d i f f e r e n t  requirements ,  so 
compensation i s  r equ i r ed .  

I n t e r s t a a e  

Vehicles  of t h i s  class are approximately r ep resen ted  
by a sphere  of  LH2 contained wi th in  a t r u n c a t e d  cone. A 
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sphe re  of  4 4 '  d iameter  conta ined  wi th in  a cone of 63' base  
d iameter  and 31' t o p  d iameter  corresponds t o  a s t a g e  g r o s s  

weight  of  about  1.25 x l o 6  l b .  
s t r a i n e d  by t h e  need t o  m e e t  e n t r y  angle  of  a t tack  requ i r e -  
ments. 

The cone s i d e  angle  i s  con- 

If  t w o  such vehicles are s t acked ,  then  a r easonab le  
i n t e r s t a g e  s t r u c t u r e  might c o n s i s t  of e i g h t  compression 
members, running from t h e  second s t a g e  t h r u s t  s t r u c t u r e  t o  
t h e  f i r s t  s t a g e  t h r u s t  s t r u c t u r e .  I f  one s i z e s  t h e s e  members 
i n  accord  wi th  both  Eu le r  column buckl ing  c r i te r ia  and local 
i n s t a b i l i t y  c r i t e r i a  the t o t a l  weight pena l ty  i s  less than  
20,000 l b  (us ing  aluminum). 

Propuls ion  

Again, w i th  r e f e r e n c e  t o  t h e  1.25 x l o 6  s t a g e  gross 
weight  vehicle, Figure 2 .2  r e p r e s e n t s  a t h r u s t  of 1.56 x l o 6  l b  
whereas an i g n i t i o n  l i f t o f f  t h r u s t  of  3.33 x l o 6  i s  r e q u i r e d  
f o r  t h e  l i f t o f f  weight  of 2 .664  x l o 6  l b .  Using a p ropu l s ion  
system t h r u s t  t o  weight  r a t i o  o f  75 y i e l d s  a weight  p e n a l t y  
of 23,600 l b .  

H e a t  S h i e l d  

One would expec t  t h e  h e a t  s h i e l d  weight  of t h e  f i rs t  
stage t o  be  s u b s t a n t i a l l y  less than t h a t  r e q u i r e d  f o r  e n t r y  
from o r b i t  s i n c e  t h e  e n t r y  v e l o c i t y  i s  b u t  5000 fps .  However, 
the  e n t r y  ang le  i s  s u b s t a n t i a l l y  h i g h e r  and t h e  t o t a l  energy 
load  is  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  of o r b i t a l  e n t r y .  
Because of t h i s  no weight  reduct ion  i s  made f o r  t h i s  approxi- 
m a t e  a n a l y s i s .  

Summary 

The e s t ima ted  weight  pena l ty  a g a i n s t  t h e  f i r s t  stage 
i s  43,600 lb .  The s t r u c t u r a l  weight de r ived  from F igure  2 .2  
i s  117,500 l b .  Thus, t he  va lue  of f i s  about 1.35. A s imi l a r  
s e t  of computations f o r  a s t a g e  g r o s s  weight  of 2 x 10' 1b 
y i e l d s  t h e  same va lue  of f .  The second stage appears  t o  be 
f a i r l y  r ep resen ted  by f = 1 . 0 ,  so no f u r t h e r  c o n s i d e r a t i o n  
i s  r equ i r ed .  

The r e s u l t  of these v a r i a t i o n s  i s  shown on T a b l e  D-1. 
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Table D-1. 

GROSS LIFTOFF WEIGHT VERSUS STAGE 
STRUCTURAL WEIGHT FACTOR 

( f l  = f 2  = 1 .0  Corresponds T o  F igure  2 . 2 )  

l o 6  l b s .  I 1 . 0 5  I 1.35 

2.689 +++- SECOND 
STAGE, 

f 2  2 .664  

DESIGN STATE OF THE ART 

The correlat ion of  h and gross weight  used i n  t h e s e  
ana lyses  i s  based on very few d a t a  p o i n t s  and consequent ly  
could be  i n  error. There i s  no  s t r a i g h t  forward way t o  bound 
such errors. Because o f  t h i s  t h e  e f f e c t  o f  an % + 2 0 %  va r i a -  
t i o n  i n  s t r u c t u r a l  weight  a b o u t  t h e  nominal value-(f l  = 1.35, 
f 2  = 1 . 0 )  e s t a b l i s h e d  above i s  shown i n  Table D-2. 



GROSS LIFTOFF WEIGHT VERSUS STAGE 
STRUCTURAL WEIGHT FACTOR 

( f l  = f 2  = 1 . 0  Corresponds To F igu re  2 . 2 )  

FIRST STAGE, f l  

SECOND 
STAGE, 

f 2  
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T a b l e  D-2. 

Ascent Ve loc i tv  Reauirement 

The a s c e n t  v e l o c i t y ,  29 ,960  f p s ,  was e s t a b l i s h e d  by 
t r a j e c t o r y  s imula t ion  of a s i n g l e  s t a g e  t o  o r b i t  v e h i c l e  u s ing  
an i n i t i a l  t h r u s t  t o  weight  r a t i o  of 1.25 and f l y i n g  a 3g maxi- 
mum t r a j e c t o r y .  The v e h i c l e  base d iameter  i s  66  f t . ,  and t h e  
d rag  c o e f f i c i e n t  curve  i s  c h a r a c t e r i z e d  by CD,max = 0.8,  

‘D,w - 
a t  an i n c l i n a t i o n  o f  28.5’. The aero d rag  losses are 880 f p s  
and t h e  g r a v i t y  losses are 3870 fps .  

‘L 0.3. The i n j e c t i o n  p o i n t  is  a 50 x 1 0 0  n.mi. e l l i p s e  
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The t w o  s t a g e  v e h i c l e  could f l y  on this t r a j e c t o r y ,  
and i f  t h e  aero d rag  c h a r a c t e r i s t i c s  w e r e  compat ible  in -  
j e c t i o n  would be achieved. This  is  n o t  t h e  optimum tra- 
j e c t o r y ,  because o f  t h e  l o b - r e t r o  maneuver. The optimum 
t r a j e c t o r y  w i l l  be  l o f t e d  so t h a t  t h e  r e t u r n  range f o r  t h e  
f i r s t  s t a g e  i s  decreased. Of course aero d rag  w i l l  dec rease  
a l so  w h i l e  g r a v i t y  losses w i l l  i nc rease .  S ince  s p e c i f i c  
t r a j e c t o r y  op t imiza t ions  have n o t  been c a r r i e d  o u t  it i s  n o t  
p o s s i b l e  t o  estimate t h e  reduct ion  i n  v e l o c i t y  requirement  
due t o  op t imiza t ion .  

The v e h i c l e  used t o  establish t h e  t r a j e c t o r y  has  a 
b i c o n i c  forebody ( 2 5 O ,  13O) w h i l e  t h e  v e h i c l e  i n  q u e s t i o n  
here i s  a s i n g l e  cone ( 2 3 O ) .  This imp l i e s  a p o s s i b l e  i n c r e a s e  
i n  d rag  losses o f  about 440 fps .  Using SERV t r a j e c t o r y  d a t a  

e te r  and changes i n  weight  and drag c o e f f i c i e n t  sugges t s  a 
p o s s i b l e  i n c r e a s e  of 500 fps .  

I and a d j u s t i n g  the aero drag  terms f o r  t h e  r educ t ion  i n  diam- 

I Compensating f o r  t h i s  p o s s i b l e  i n c r e a s e  i n  v e l o c i t y  

SP 
y i e l d  a b e t t e r  t han  1% i n c r e a s e  i n  d e l i v e r e d  s p e c i f i c  impulse 
over  t h e  va lues  used i n  t h i s  r e p o r t .  T h a t  would y i e l d  an 
e f f e c t i v e  a s c e n t  v e l o c i t y  requirement decrease of 300 fps .  

I requirement  is  t h e  improvement i n  I t h a t  i s  expected t o  

The p o s s i b l e  range of  e r r o r  seems t o  be about 
- + 500 fps .  The impact of t h e s e  changes on the system gross 
l i f t o f f  weight i s  shown on Tables D-3 and D-4. 
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1 .05  1.1 6 1 0  lbs .  

0 .8  2.379 
I 

SECOND 
2.758 STAGE , 1 . 0  

f 2  

1 . 0 5  2.844 

1 . 2  

T a b l e  D-3. 

1 . 3 5  1 . 6  

2.460 

2.869 2.976 

3.410 3.567 

GROSS L I F T O F F  WEIGHT VERSUS STAGE 

STRUCTURAL WEIGHT FRACTION 

( f l  = f 2  = 1 .0  Corresponds To F i g u r e  2.2 
A s c e n t  Ve loc i ty  = 29,960 + 500 fps )  

F I R S T  STAGE, fl 
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T a b l e  D-4. 

GROSS LIFTOFF WEIGHT VERSUS STAGE 

STRUCTURAL WEIGHT FRACTION 

(fl = f2 = 1.0  Corresponds To F igu re  2 .2  

Ascent  V e l o c i t y  = 2 9 , 9 6 0  - 500 fps) 

F I R S T  STATE, fl 

SECOND 
STAGE,  

f2 
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